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Due to enhanced public awareness, the eco-friendly techniques in geo-energy exploitation, e.g. 
supercritical CO2 fracturing, have received extensive attention in the last two decades. In this 
dissertation, two specific numerical models have been developed to address the issues associated with 
utilization of supercritical CO2, like fracture creation, proppant placement and fracture closure in 
unconventional gas reservoirs, reservoir stimulation, heat production and CO2 sequestration in deep 
geothermal reservoirs, respectively. (a) In unconventional gas reservoir, the model consisting of 
classic fracture model, proppant transport model as well as temperature-sensitive fracturing fluids 
(CO2, thickened CO2 and guar gum) has been integrated into the popular THM coupled framework 
(TOUGH2MP-FLAC3D), which has the ability to simulate single fracture propagation driven by 
different fracturing fluids in non-isothermal condition. (b) To characterize the fracture network 
propagation and internal multi fluids behavior in deep geothermal reservoirs, an anisotropic 
permeability model on the foundation of the continuum anisotropic damage model has been developed 
and integrated into the popular THM coupled framework (TOUGH2MP-FLAC3D) as well. This 
model has the potential to simulate the reservoir stimulation and heat extraction based on a CO2-EGS 
concept.  
Attempting to improve the fracturing ability and proppant-carrying capacity of CO2, the 
unconventional gas reservoir model is applied in a fictitious model with the parameters of a typical 
tight gas reservoir. According to results, pure CO2 is inefficient to create a fracture in such tight gas 
reservoir. Its fracturing ability can be improved significantly by using CO2 thickener. In comparison 
with traditional guar gum, the leakage of thickened CO2 is higher. But considering the expansion of 
CO2 in the fracture, accounting for about 37% contribution in this case, the performance of thickened 
CO2 is comparable with traditional guar gum. Additionally, a linear correlation between the break 
down pressure and fracturing fluid viscosity has been observed. In non-isothermal conditions, the 
temporal and spatial leak-off rate and expansion effect distribute unevenly in fracture. Due to high 
temperature around fracture tip, High leak-off rate and expansion effect is found nearby the tip zone. 
During fracture initiation, the expansion effect plays a critical role. With continuous injection, the 
dominating factor in fracture-making is gradually switched to leak-off. Overall, fracturing is more 
sensitive to leak-off than fluid expansion. For proppant-carrying, thickened CO2 with light proppant 
can achieve a better proppant placement than heavy proppant, even better than the one transported by 
guar gum. Due to low specific heat capacity, thickened CO2 has a high gel breaking rate, resulting in 
better fracture support. 
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In the application of the damage-permeability model at planned Dikili geothermal project, a fracture 
network with final SRV of 8.7×107 m³ and SRA of 2.2×106 m2 is created after injecting 90,000 kg CO2 
in 250 hours. The maximum permeability of 1.3×10-13 m2 has been achieved in x- and z-directions. 
During heat production, a priority channel with high gas saturation is formed because of the viscosity 
difference between CO2 and water. The heat is mainly mined in this priority channel. Generally, for 
both water and CO2 injection, the driven pressure and average thermal capacity shows a positive 
correlation with injection rate, while inverse relation exists between eventual temperature and injection 
rate. Under the same mass injection rate, the driven pressure and average thermal capacity of water 
injection is higher than CO2 injection, whereas the ultimate produced temperature of water injection is 
lower. Therefore, CO2 as working fluid for heat extraction has the benefits of low driving pressure and 
is beneficial for realizing relatively stable heat mining. In addition, the injected CO2 is detained in 
geothermal reservoir due to leak off, which can be regarded as geologically sequestrated CO2. 
Furthermore, the sequestrated CO2 has a positive relationship with injection rate. After 30 years of 
geothermal production, up to 950,000 tons CO2 is sequestrated at an injection rate of 100kg/s, 
demonstrating the potential contribution of CO2-ESG on the sequestration of CO2. 
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1.1. Motivation, objectives and scientific challenges 
In the commercial exploitation of unconventional gas reservoir, for instance tight and shale gas 
reservoir, hydraulic fracturing plays a very important role. It is used to enhance the original 
permeability of unconventional reservoirs, which usually is very low even ultra-low. During hydraulic 
fracturing, the fracturing fluid, normally composed of water and some chemical additives, is pumped 
from surface down to perforation through injection well. The pressurized fluid breaks the rock in 
tension firstly surrounding perforations, and propagates into deep reservoir. To prevent the closure of 
opened fracture after removing pumping power, some proppant is injected along with fracturing fluid, 
when enough fracture has been created. The created artificial fracture performs as a high conductive 
channel connecting tight reservoir and production well for gas flow, which could enhance the gas 
production significantly in comparison with original reservoir. Thanks to the innovation of horizontal 
and directional drilling technology, currently, a horizontal well can be drilled into the reservoir over 
1000m (Ma et al. 2016). As shown in Fig. 1.1, the horizontal well will be divided into 10 or more 
segments for fracturing. In this case, multi-fractures can be stimulated through only one well, which 




Figure 1.1. Demonstration of hydraulic fracturing in gas reservoir 
 
CO2
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Geothermal energy is kinds of thermal energy generated and stored inside the earth. Due to its 
excellent features like huge capacity and independency on weather conditions, geothermal energy as 
one of the important renewable resources attracts more and more attentions, especially hot dry rock 
(HDR), which is impervious crystalline basement rock with remarkable temperature (Armstead & 
Tester 1978). The HDR owning a vast capacity can be found almost everywhere deep beneath the 
earth’s surface. But, extraction and utilization of this heat resource remains an enormous challenge. 
Enhanced geothermal system (EGS) technology has a goal to extract the heat out of HDR for 
electricity generating. As shown in Fig.1.2, the EGS is composed of at least two well, one for injection 
and one for production. The cold medium, usually pure water is pumped down to target geothermal 
reservoir, where the cold medium will be heated through energy exchange with HDR. Then the heated 
medium will be brought up to surface again for electricity generating. Such circulation makes the 
utilization of HDR resource possible. However, before circulation, the permeability of geothermal 
reservoir needs been enhanced for efficient heat mining, generally by using hydraulic fracturing. Like 
in unconventional reservoir, the hydraulic fracturing plays a very important role in EGS, and is used to 
create artificial fractures for improving the geothermal reservoir conductivity. 
 
 
Figure 1.2. Demonstration of an enhanced geothermal system (Olasolo et al. 2016) 
 
The reservoir stimulation in unconventional gas reservoir shares some common characteristics with 
the one in HDR reservoir. For the inefficient conductivity, both reservoirs need be stimulated by 
pressurized fracturing fluid to enhance the original permeability before production. And the hydraulic 
fracturing process is a thermal-hydraulic-mechanic (THM) coupled process, involving heat flow, 
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multi-component and -phase flow, mechanic response of reservoir rock. Besides, massively 
implementation of water-based fracturing in unconventional gas reservoir as well as DHR could 
induce water shortage or conflicts with other users, particularly in water-scare area (Vengosh et al. 
2014). In addition to this, there are also some differences in reservoir stimulation and production. 
Firstly, the host rock type is different. Unconventional gas reservoir is found almost in porous 
sedimentary, whereas the HDR is consisted mostly of crystalline volcanic rock. Normally a signal 
fracture with two wings is stimulated in unconventional gas reservoir, if no natural fracture is 
contained in sedimentary. Due to high-density of naturally fractures, usually a complex fracture 
network is stimulated through hydraulic fracturing in volcanic rock. And the temperature in HDR 
often over 160°C (Lu 2018) is higher than in unconventional gas reservoir. Additionally, proppant is 
not necessary in reservoir stimulation of HDR, because during heat production, the injection fluid 
provides the pressure to support fracture wall.  
Due to the low cost, availability and high specific heat, currently water is the mostly used working 
fluid for unconventional gas reservoir stimulation as well as HDR reservoir stimulation. In general, 
some chemical additives are added into fracturing fluid to improve its performance on fracture making 
ability and proppant carrying capacity. Hence, water-based fracturing often brings some environmental 
problem, like groundwater pollution and formation damage, water shortage, unsuitable in water-
sensitive clay mineral (Ward et al. 2016, Schill et al. 2017, Sanaei et al. 2018). To address these 
problems, some alternative non-aqueous fracturing fluids have been proposed. Several important non-
aqueous fracturing fluids, including foam-, oil-, alcohol-, Emulsion-based fracturing fluid, and liquid 
CO2 and N2, are summarized in Tab.1.1. In addition to the common characteristics, liquid CO2 shows 
some unique advantages, including CO2 sequestration, enhancing gas recovery by displacing the 
adsorbed methane, rapid clean-up etc. The CO2 will presents as supercritical phase, if the temperature 
and pressure exceed 31.04°C and 71.82 bars at the same time (Vargaftik 1975). This condition could 
be easily met under fracturing in unconventional gas reservoir. For this reason, the CO2 in fracture 
exists mostly as supercritical CO2 during fracturing. Not only in unconventional gas reservoir, but in 
EGS the CO2 can be used as working fluid to exact geothermal energy. Apparently, the CO2 running 
EGS circulation is supercritical. However, supercritical CO2 stills a concept in reservoir stimulation 
and geothermal energy production. Before commercial application of supercritical CO2, some barriers, 
e.g. proppant transport, corrosive of CO2 dissolution, transport etc. need be removed. 
To gain deeper understanding on the CO2 behavior in geo-energy exploitation, numerical methods on 
the base of THM coupled framework will be used to study CO2-based hydraulic fracturing in tight gas 
reservoir, CO2-based reservoir stimulation and heat extraction in HDR reservoir, respectively.  
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Table 1.1. Summary of potential advantages and disadvantages of several non-aqueous fracturing 
fluids (adapted from Gandossi 2013) 
Fracturing 




-Water usage reduced  
-Reduced amount of chemical additives. 
-Reduction of formation damage. 
-Better clean-up of the residual fluid 
-Low proppant concentration in fluid,  
-Higher costs. 
-Difficult rheological characterization 







-Water usage much reduced or completely 
eliminated.  
-Fewer chemical additives are required.  
-Flaring reduced.  
-Truck traffic reduced.  
-Abundant by-product of the natural gas 
industry. Increased the productivity of the well.  
-Excellent fluid properties 
-Full fluid compatibility with shale reservoirs  
-No fluid loss.  
-Recovery rates (up to 100%) possible.  
-Very rapid clean up  
-Involves the manipulation of large 
amounts of flammable propane, hence 
potentially riskier than other fluids and 
more suitable in environments with low 
population density.  
-Higher investment costs.  
-Success relies on the formation ability 
to return most of the propane back to 









-Water usage much reduced or completely 
eliminated.  
-Methanol is not persistent in the environment.  
-Excellent fluid properties  
-Very good fluid for water-sensitive 
formations. 
-Methanol is a dangerous substance to 
handle:  
  a. Low flash point, hence easier to 
ignite.  
  b. Large range of explosive limits. 
  c. High vapour density. 
  d. Invisibility of the flame. 
It has been 





-Depending on the type of components used to 
formulate the emulsion, these fluids can have 
potential advantages such as:  
a. Water usage much reduced or completely 
eliminated.  
b. Fewer (or no) chemical additives are 
required.  
-Increased the productivity of the well; better 
rheological properties  
-Potentially higher costs. 





-Potential environmental advantages: a. Water 
usage much reduced or completely eliminated.  
-Fewer chemical additives  
-Some level of CO2 sequestration achieved. 
-Reduction of formation damage.  
-Form more complex micro-fractures.  
-Enhance gas recovery by displacing the 
methane adsorbed in the shale formations. 
-Rapid clean-up.  
-More controlled proppant placement and 
higher proppant placement within the created 
fracture width. 
-Proppant concentration must 
necessarily be lower and proppant sizes 
smaller, hence decreased fracture 
conductivity.  
-CO2 must be transported and stored 
under pressure (typically 2 MPa, -
30°C).  
-Corrosive nature of CO2 in presence 
of H2O 
-Unclear (potentially high) treatment 
costs. 






al applications  
Supercritical 
CO2 usage 
appears to be 
at the concept 
stage. 
Liquid N2 
-Water usage much reduced or completely 
eliminated.  
-Fewer chemical additives are required. 
-Reduction of formation damage.  
-Self-propping fractures can be created by the 
thermal shock, hence need for proppant 
reduced or eliminated 
-Can replace hydraulic fracturing only 
for small to medium treatments  
-Proppant is not carried into the 
fracture. Instead, propellant fracturing 
relies upon shear slippage to prevent 
the fracture from fully closing back on 
itself.  
-Potentially induce seismic events. 
The use of 
liquid nitrogen 
is less typical 
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Because of a relatively new concept, CO2 for reservoir stimulation and production is still in the 
preliminary study stage. Rare applications has been conducted and planned in commercial projects. In 
spite of this, there remain several important numerical models have been proposed to simulate CO2 
fracturing in unconventional gas reservoir. Jiang et al. (2014) developed a multi-Continuum multi-
component model to study the CO2 performance on enhanced gas recovery in a shale gas reservoir 
with complex fracture network. In this reservoir, different structures, involving matrix, major 
hydraulic fracture and large-scale natural fractures, were described by embedded discrete fracture 
model. Lee and Ni (2015) analyzed CO2 behavior in discrete fracture network, wherein the flow and 
CO2 migration was simulated by using flow code THOUGH2/ECO2N. The TOUGH series code is 
primarily developed at Lawrence Berkeley National Laboratory (LBNL) (Pruess 2004) and as one of 
the popular multi-component and -phase programs has been widely used to study the multi-flow in 
unconventional gas reservoir. Fang et al. (2014) used a 2D commercial program, universal distinct 
element code (UDEC) to compare the fracture-making ability of different fluids: water, slick water and 
CO2. The above-mentioned models focus only on the flow and CO2 behavior in predefined fracture or 
complex fracture network. Yet, the fracture initiation and propagation have not been considered. Then, 
Peng et al. (2017) conducted the simulation on supercritical CO2 fracturing by using bonded particle 
model, in which the rock material was modeled as a collection of round particles and the microcracks 
was modeled by breakage of bound between particles. The bonded particle model performs very well 
in characterizing fracture initiation and propagation on micro level, but for large scale project it is still 
inefficient. More recently, the 2D damaged-based model (Liu et al. 2018, Wang et al. 2018, Zhang et 
al. 2019) was proposed to investigate supercritical CO2 fracturing. In this model, the fracture pattern 
was characterized by the damage induced by rock-gas interaction due to CO2 injection. During fracture 
propagation, equivalent permeability of corresponding fracture was updated according to value of 
damage. However, this model is still limit to solve the fracture field scale fracture propagation and 
proppant transport. Comparing with unconventional gas reservoir, the study on CO2 as working fluid 
to exploit geothermal energy starts relatively late. Since Brown (2000) firstly proposed the CO2-EGS 
concept, some preliminarily works has been conducted. The numerical simulator for CO2-EGS could 
be principally divided into three categories. One focused only on supercritical CO2 performance in 
operation of naturally permeable or already stimulated geothermal reservoir, in which the reservoir 
stimulation and gas-interaction was ignored (Pruess and Azaroual 2006, Pruess 207, Randolph and 
Saar 2010, Luo et al. 2014, Shi et al. 2018). The gas flow and heat exchange efficiency of supercritical 
CO2 EGS have been discussed in these models. Because the CO2 dissolving in water exhibits acids, the 
CO2 dissolution can chemically react with surrounding minerals, further causing mineral dissolution or 
precipitation, which has potential influence on the productiveness of geothermal reservoir. Thus 
another category of simulators was proposed to interpret the effects of chemical interaction on EGS 
performance (Xu and Pruess 2010, Wan et al. 2011, Borgia et al. 2012, Cui et al. 2018). Additionally, 
mechanical interaction of hot rock plays also a very important role in heat extraction. In the third 
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category, the mechanical response of hot rock has been considered during CO2 injecting into a discrete 
fracture network, in which the cracks width was local pressure- and stress-dependent (Sun et al. 2017, 
Li et al. 2019a). However, the reservoir stimulation before production has not been considered in these 
models.  
At present, the primary numerical method for hydraulic fracturing includes finite element method 
(FEM), distinct element method (DEM), finite difference method/finite volume method (FDM/FVM) 
and boundary element method (BEM). They have their own advantages and disadvantages. FEM is a 
very popular method in solid mechanic, because of the complete theory. On base of EFM, the 
extended finite element method (XFEM) is developed mainly to solve the fracture propagation, which 
can be used to simulate hydraulic fracturing (Zhao et al. 2014, Wang 2015, Zhou et al. 2015,Yan et al. 
2016). In this method, an enrichment function is introduced to describe continue and discontinue 
deformation around fracture as well as fracture tip. As a consequence, re-mesh at fracture tip is not 
necessary and improve the competing efficient. However, XEFM is currently not suitable for 3D 
problem. In DEM, the pore rock material is represented by a collection of micro particles (Al-Busaidi 
et al. 2005, Yoon et al. 2015, Damjanac and Cundal 2016). The mechanic response between micro 
particles is transferred by the assumed springs in both normal and tangential directions, which 
performs as tensile/compress and shear strength on macro level. The fluid can flow in the pores 
between particles even break the assumed springs, to create a hydraulic fracture. DEM is very visible 
method to simulate shear and tensile fracture. But it is not efficient for field scale simulation if small 
particles are chosen. FDM/FVM is often used to solve fluid as well as heat flow (Wei and Zhang 2013, 
Wang et al. 2014). It is one of the most popular methods in simulation of reservoir flow, due to its 
complete theory and well development. In this method, the stress and pressure of element is 
represented by the one averaged on the center point of control volume, rather than from the grid point. 
Therefore, the converted scalar stress loses much information about direction. On the other side, it is 
also limit to solve the propagation direction, as the fracture parts is pre-defined during model 
generation. The basic idea of BEM is converting area integration to curve integration, or converting 
volume integration to area integration with the help of Green’s function (Olson 2004, Olson 2009, Wu 
and Olson 2013, Wu and Olson 2015). Then the whole problem is converted to boundary problem. 
Through integration on discrete boundary can achieve the stress as well as deformation distribution 
inter domain. By treating the fracture wall as inter discrete boundary, this method could be used to 
simulate hydraulic fracturing. Dimension reduction improves the computing efficient significantly. 
Despite, the precondition, homogenous mechanic properties within the domain, limits its application. 
The main scientific challenge of this thesis is development of suitable numerical models to study the 
mechanic and hydraulic behavior in utilization of supercritical CO2 in corresponding geo-energy 
production. More concretely, develop THM coupled model to characterize fracture network growing 
during hydraulic fracturing in deep geothermal reservoir; study the reservoir stimulation, heat exaction 
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and CO2 sequestration in deep geothermal reservoir with pre-existing formation water based on CO2-
EGS concept; develop THM coupled model for hydraulic fracturing in unconventional gas reservoir, 
involving at least fracture model, proppant transport model as well as temperature sensitive fracturing 
fluid (CO2, thickened CO2 and guar gum); improve the fracture-making ability and proppant-carrying 
capacity of CO2 in unconventional gas reservoir; compare the performance of supercritical CO2 with 
traditional working fluid, like water and guar gum in geo-energy production.  
1.2. Thesis outline 
In this work, the models are developed on the fundament of popular THM framework TOUGH2MP-
FLAC3D, in which both codes are developed on the base of FDM. In order to overcome its shortness 
for information loss, iso-parameter method is applied to interpret the local stress state. As Fig. 1.3 
shown, different specific models are integrated in this THM framework, to study the CO2 performance 
in different reservoir, including HDR reservoir and unconventional gas reservoir. Generally, in HDR 
reservoir, especially in volcanic rock types, usually a fracture network is stimulated by hydraulic 
fracturing. Therefore, an anisotropic continuum damage-permeability model is introduced into 
describe the equivalent anisotropic permeability as well as porosity for stimulated HDR reservoir. The 
feasibility of such models have been verified by measured stress, damage, permeability in series 
triaxial tests as well as a small scale field testing in hard rock. Then the developed model is applied in 
a specific planned Dikili EGS to study the performance of CO2 in reservoir stimulation and heat 
extraction, comparing with water. To solve the hydraulic fracturing in unconventional gas reservoir, 
another model, containing fracture model (single fracture model), proppant model (proppant transport 
and placement), and fracturing fluid model (water, guar gum, pure CO2 and thickened CO2) has been 
integrated into the THM framework and verified, separately. In these model, the fracture initiation, 
propagation, proppant transport and placement, fracture closure even gel break can be simulated based 
on different working fluids in unconventional gas reservoir, because the temperature-sensitive 
properties of fracturing fluid, like viscosity, density, enthalpy etc. has been integrated in these models. 
Then the performance of different fluid, thermal effect as well as proppant transport has been 
compared using the newly developed models.  
Development of coupled THM models for reservoir stimulation and geo-energy production with supercritical                                      - 7 -
as working fluid  CO2
1. Introduction  
 
Figure 1.3. Research content and flowchart 
 
The content of this thesis is divided into five chapters. In chapter 2, the state-of-the-art of CO2 
engineered application in geo-production will be studied through literature study. The advantages and 
disadvantages will be compared systematically. Besides, it is trying to point the critical barrier for 
industrial application and the potential solutions.  
As the property of CO2 is very temperature and pressure sensitive and many complex mechanic 
responses are involved in energy production, the new developed models should be integrated under a 
THM coupled framework. Therefore, the fundamentals of used THM framework (TOUGH2MP-
FLAC3D), including theoretical background, governing equation, numerical algorithm as well 
coupling process, are introduced in chapter 3 in detail.  
Attempting to learn the behavior of supercritical CO2 in unconventional gas reservoir, a specific 
numerical model able to characterize fracture propagation and leak-off will be developed in chapter 4. 
In this model, a pre-defined potential fracture plane is inserted in the middle of host reservoir elements 
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perpendicular to minimum stress. On this potential fracture plane, different specific models, including 
fracture model, proppant transport model and multi flow model, are integrated in the popular THM 
framework TOUGH2MP-FLAC3D. Then, the feasibility of these implemented models will be verified 
separately by analytical solution, experimental results and other simulated results. In this chapter, 
different fracturing fluids (mainly temperature-dependent viscosity property) is defined firstly, 
including pure CO2, different thickened CO2s and guar gum. Other properties, like density and 
enthalpy, is assumed equal to the base fluid of fracturing fluid. Then, different fracturing fluids, pure 
CO2, two thickened CO2s, pure water and guar gum, will be injected into a fictitious model with the 
properties of a typical tight gas reservoir, to compare their performances in fracture making-ability. 
Additionally, since the property of CO2 is closely correlated to temperature, the fracturing by using 
CO2 will be carried out under different thermal condition. Finally, proppant with different density is 
used to address the weakly proppant-carrying ability of CO2.  
In chapter 5, in order to study the critical engineering process, reservoir stimulation and heat extraction 
in deep geothermal reservoirs, a 3D simulator based on a continuum anisotropic model and anisotropic 
permeability model will be developed under the THM framework of FLAC3D-TOUGH (TMVOC). In 
geothermal energy exploitation, the stress state change due to fracturing fluid injection could induce an 
anisotropic damage in geothermal reservoir, which further triggers an anisotropic permeability. 
Macroscopically, it performs as fracture propagation. In addition to this, the impact of effect stress will 
be considered in this model as well. It is believed that usually a fracture network is stimulated in the 
geothermal reservoir with brittle rocks, especially volcanic rock. This damage model and permeability 
will be verified by triaxial test in laboratory and cyclic fracturing test in flied. The influence factor will 
be discussed by a series of case studies on a 2D simple model. On a real case from Dikili geothermal 
project, the reservoir stimulation and heat extraction with different productions rates by using 
supercritical CO2 will be conducted and compared with the results by using water, in which pre-
existing formation water is taken considered. Besides, the ancillary benefit of CO2 sequestration will 
be discussed in the lifetime of CO2-EGS under different injection rate.  
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2. Engineered applications of CO2 in geo-energy  
2.1. The carbon dioxide challenge in climate change 
Carbon dioxide (CO2) is a chemical compound composed of one carbon and two oxygen atoms. It is 
an important composition of the earth’s atmosphere, accounting for about 0.03%. This CO2 has two 
important functions. One is the resource for plant photosynthesis, to convert the light power to bio 
power, at the same time releasing oxygen gas. Another one is the greenhouse gas to keep earth’s 
temperature in a suitable range, with a minor day-night difference. However, large amount of CO2 in 
atmosphere will cause global warming, further bring some worse problem, like more extreme weather 
events, species extinction, sea level rise etc. As shown in Fig. 2.1, the global averaged temperature is 
closely correlated to the CO2 concentration in atmosphere. Along with the CO2 concentration 
increasing from 280ppm in 1850 (pre-industrial) up to 408ppm in 2018, global averaged temperature 
has warmed about 1.2°C. The global warming trend will continue, if nothing is done in the future. 
Therefore, the goal to hold the global average warming within 2°C comparing with pre-industrial level 
is set in the Pairs Agreement and adopted by many nations (IPCC, 2018).  
 
Figure 2.1. Correlation of global temperature and atmosphere CO2 concentration in 1850-2018, 
Temperature data is from HADCRUTv3, CO2 data is from NOAA ESRL (1859-2018)( NOAA ESRL 
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There are many resource of CO2. It can be released through natural and human activities, for instance, 
volcanic activity, some organic compounds, breathing processes of humans and other animals etc. For 
a long time, the CO2 concentration in atmosphere is dynamic equilibrium due to plant photosynthesis. 
Since the beginning of industrial revolution, a large amount of CO2 has been released into atmosphere 
in a short period, because of massive combustion of fossil fuel, like oil, natural gas and coal etc. Such 
a huge amount of CO2 breaks the dynamic equilibrium and raises the concentration level of CO2 in 
atmosphere. This is the main reason for global warming from pre-industrial. How to reduce CO2 
releasing and ease the ensuing problems is very popular topic nowadays. Various methods for CO2 
storage and utilization has been proposed and projected since 21st century, for example, carbon capture 
utilization and storage (CCUS), CO2-EOR/EGR, CO2-EGS, CO2 fracturing etc.  
2.2. Properties of CO2 
As the phase diagram shown in Fig. 2.2, CO2 can exist in the form of solid, liquid and gas phase, 
respectively, which is associated with temperature and pressure condition. At extreme low temperature 
and high pressure, it exists as solid phase. With gradually increased temperature, the solid CO2 will 
transfer to liquid CO2. Exactly on the boundary of solid and liquid phase (melting line), it could exists 
in a mixture form of solid and liquid phase under equilibrium state. With further decreased pressure, 
CO2 will transform again from liquid phase to gas phase. On their boundary (saturation line), liquid 
and gas phase coexist in equilibrium state. Likewise, gas and solid phase could reach the equilibrium 
state on sublimation line. Especially, there is a point called triple point with temperature of -56.6°C 
and pressure of 0.52MPa, where is three-phase coexistence (Wu et al. 2005). Besides, there is another 
special point called critical point (temperature is 31.1°C and pressure is 7.29MPa) (Vargaftik 1975). 
When the temperature and pressure both exceed them of critical point, CO2 will enter supercritical 
state, where CO2 owns the characters of both liquid CO2 and gas CO2. Specifically, the supercritical 
CO2 has a high density close to liquid and low viscosity close to gas, which performs very well as 
fracturing fluid or working fluid at reducing friction during operation.  
The density and viscosity of CO2 is correlated to both pressure and temperature. As shown in Fig. 2.3, 
the density of CO2 falls down with increased temperature (constant pressure) or decreased pressure 
(constant temperature). At low temperature (T<10°C) and high pressure (P>350bar), the density of 
CO2 is comparable with water, even higher. Inversely, at high temperature (T>70°C) and low pressure 
(P<100bar), the density of CO2 could low as 200kg/m³. The common density of supercritical CO2 
from 900kg/m³ to 400kg/m³ shows a high compressibility. In comparison with density, the viscosity 
shows a comparable correlation with temperature and pressure. In spite of this, the viscosity is very 
low. The viscosity of supercritical CO2 (0.9×10-4 -0.25×10-4 Pa·s) is only about 9%-2.5% of water 
viscosity (about 1.0×10-3 Pa·s).  
2. CO2 application in geo-energy engineering 
Development of coupled THM models for reservoir stimulation and geo-energy production with supercritical                                      - 12 -
CO2 as working fluid  
 
Figure 2.2. Phase diagram of CO2 (data from Altumin 1975) 
 
 
Figure 2.3. Temperature- and pressure-dependent density and viscosity of CO2 (pressure and Garcia 
2002) 
 
The enthalpy of CO2 is also both temperature- and pressure-dependent. The specific enthalpy of CO2 
and water are compared in Fig. 2.4 under different temperature and pressure. Under the same 
temperature and pressure, the specific enthalpy per unite mass of water is higher than CO2. The 
difference is much significant under high temperature. The specific enthalpy shows a much complex 
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correlation with temperature and pressure, especially around the critical point, where the state of CO2 
changes dramatically. This dramatic change also causes that the density as well viscosity varies 
rapidly even in a narrow temperature and pressure range near the critical point. Such character makes 
state computation of CO2 very complex.  
 
Figure 2.4. Temperature-and pressure-dependent specific enthalpy of CO2 and water in unites of 
KJ/kg (Pruess 2006) 
 
CO2 is one of acid gas. A series of chemical reactions will take place, after CO2 dissolving in 
formation water. Firstly, the dissolved CO2 will form carbonic acid H2CO3, which is type of weak acid 
and its chemical properties is not particularly stable. The carbonic acid H2CO3 will break into HCO3- 
and H+, in which HCO3- can further break into CO32- and H+. These chemical reactions are given in 
following, in which the hydrogen ion H+ makes the solution acidic. Besides, all the chemical reactions 
are reversible. At the beginning, above-mentioned substances reach the chemical dynamic equilibrium. 
Once other associated substances are incorporated or chemical equilibrium condition is broken, the 
substance will vary and reaches new equilibrium state. Macroscopically, the process of re-equilibrium 
performs as precipitation or dissolution mineral, which is the reaction mechanism for long-term CO2 
geological storage (Liu 2014). 
          (2.1) 
         (2.2) 
        (2.3) 
         (2.4) 
2. CO2 application in geo-energy engineering 
Development of coupled THM models for reservoir stimulation and geo-energy production with supercritical                                      - 14 -
CO2 as working fluid  
2.3. Phase path of CO2 in engineering processes 
A typical phase paths of CO2 in a fracturing-treatment cycle in unconventional gas reservoir is 
illustrated in Fig. 2.5. Position 1 is tank for fracturing. As CO2 in tank is commonly stored and 
transported in liquid phase, the Position 1 should locate at least on the saturation line or over the 
saturation line. Position 2 is pump or wellhead. Before injection, CO2 need be pressurized by pump. 
The temperature of CO2 increases slightly in process 1-2, under the effect of environment temperature. 
Then the pressurized CO2 is injected into well bottom or perforation (Position 3). The CO2 in Position 
1, 2, 3 exists mostly in liquid phase, while Position 3 can also exist in supercritical phase, which is 
affected by many factors, like injection rate, injection depth, formation temperature, heat conductivity 
etc. Position 4 is hydraulic fracture. In this process 3-4, CO2 will be heated by heat exchange trough 
fracture wall, but pressure will fall a bit, for the reason of friction effect of fracture wall roughness. It 
should be mentioned that the temperature of CO2 in fracture (Position 4) is not constant, rather 
increase gradually from perforation to fracture tip. The temperature at fracture tip is infinitely close to 
formation temperature. Generally, injection well will be shut in for fracture closure and proppant 
support, in which the temperature increases gradually but still low than formation temperature. After 
that, CO2 will reach Position 5, where the CO2 has a relatively low pressure and high temperature, in 
comparison with it at Position 4. The CO2 in both Position 4 and 5 exist normally in supercritical 
phase. Finally, CO2 will flow back to surface in gas phase at the ambient condition (Position 6). 
Especially, in process 3-5, some CO2 leaks into formation due to pressure difference and exists as 
supercritical phase in hot reservoir. 
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Figure 2.5. Phase diagram of CO2 and typical phase paths CO2 during a fracturing-treatment cycle in 
unconventional gas reservoir (modified from Li and Zhang 2019) 
 
In exploiting of HDR energy, there are two important engineering processes, including reservoir 
stimulation and heat extraction. The phase path during reservoir stimulation is comparable with that in 
unconventional gas reservoir, except for without flow back. The phase paths during heat extraction are 
illustrated in Fig. 2.6, the process begins at outlet of turbo (Position 1), where the temperature is 
relative high but pressure is low. Then CO2 will be pressurized at pump or wellhead. In this process, 
the temperature of CO2 decreases a bit, due to heat loss under ambient temperature. Then the 
pressurized is piped down to perforation or well bottom at Position 3. Similarly, both temperature and 
pressure has a small increment comparing them at Position 2, for the influence of well and gravity. In 
the next step, CO2 flows through HDR reservoir to reach production well, which is represented by 
Position 4 in Fig. 2.6. In this process, the CO2 heated again by geothermal reservoir will bring the heat 
out of geothermal reservoir. Similarly, some content of CO2 leaks into formation due to pressure 
difference. Addition to this, the pressure will decrease under friction effect of fracture roughness. Next, 
the heated CO2 flows up to the production wellhead (Position 4). Contrary to process (2-3), both 
pressure and temperature of heated CO2 will decrease in process 4-5. Process 5-1 is a process for 
energy release, potential process including turbo, room heating, etc., thus the energy release cause a 
deceased temperature as well as pressure. Other than this, some fresh CO2 need be supplied at Position 
1 to balance the leaked content. 
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2.4.1. Status of CO2-EGS 
From the first successful application of EGS in 1997 at the Fenton Hill, USA (Nuckols et al. 1981), it 
has attracted appreciable attention. Many countries have implemented and planned their own 
experimental even commercial EGS projects, e.g. Germany (BGR 2019), France (Heimlich et al. 2016; 
Alber and Solibida 2017), USA (Dobson et al. 2017), Japan (Asanuma et al. 2015), Australia (Mills 
and Humphreys 2013), China (Feng et al. 2014), Turkey (Liao et al. 2020b), etc. Water as the heat 
exchange medium has been used in all the EGS projects. Based on the traditional EGS, Brown (2000) 
proposed a novel CO2-EGS concept, in which the traditional heat exchange medium is replaced by 
CO2. As its excellent performance of high expansivity and lower viscosity (Pruess 2006, Randolph and 
Saar 2011), CO2-EGS has received massive attentions around the world in last two decades. Till now, 
many numerical studies have been carried out in following aspects: (1) CO2 behavior in injection well 
and production well (Luo et al. 2014, Xu et al. 2015, Liu et al. 2017); (2) performance of CO2 in heat 
extraction (Pruess 2006, Atrens et al. 2008, Pan et al. 2016). Because of the 
compressibility/expandability of CO2, a sizeable temperature increase and a temperature decline are 
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observed in injection and production, respectively, which is more significant than almost 
incompressible water. Besides, the performance of CO2 in extraction is comparable even better as 
water. In limited laboratory experiments about CO2-EGS, the CO2-water-rock/mineral reaction has 
been studied mostly (Ueda et al. 2005, Xu and Pruess 2010, Smith et al. 2013, Zhou et al. 2016). The 
results of Muller et al. (2009) indicated that chemical reaction product of acidic CO2 dissolution with 
mineral could block the original flow channel and reduce the conductivity of geothermal reservoir. 
Maglicoo et al. (2011) performed an experimental study on heat extraction from porous medium by 
using CO2. They found that the follow status is flow rate-dependent, diffusion-dominated transients at 
low flow rates and advection dominated at high flow rates. However, to the best of my knowledge, 
until now, seldom demonstration projects or large-scale application has been planned around the world. 
 
2.4.2. Competitive advantage 
The advantages of CO2 as working fluid in EGS are discussed primarily in comparison with water-
based EGS. Pressure and Azaroual (2006) carried a numerical study to compare the efficiency of CO2 
and water in heat extraction. As shown in Fig. 2.7, the numerical simulation was conducted in a 
horizontal fracture with height of 50m. Distance between injection and production well is 650m. Some 
initial parameters, like injection temperature, reservoir temperature and pressure, porosity are shown 
together in Fig. 2.7. More detailed information can be found in reference (Pruss and Azaroual 2006). 
The injection and production pressure were fixed at 510bar and 490bar respectively. The results of 
CO2 and H2O as working fluid are plotted in the right of Fig. 2.7. Clearly, CO2 performs better in heat 
extraction under same driven pressure (difference between injection and production pressure), because 
the low viscosity of CO2 could promote more amount of CO2 flow through fracture to bring more heat 
out. 
More advantages as well as disadvantages are summarized in Tab. 2.1 in comparison with water. 
Advantage properties are colored in red, otherwise colored in blue. In produced CO2, there is no 
mineral dissolution/precipitation problem, which is the critical risk with potential to block production 
well in water based EGS. What’s more, in the aspects of compressibility/expandability, CO2 performs 
better than water. However, the low specific enthalpy will reduce produced energy per unit mass of 
CO2. Moreover, the high leakage caused by low viscosity brings another beneficial advantage for CO2 
geological storage.  
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Figure 2.7. Sketch of numerical model, rate of heat extraction and cumulative heat produced for the 
fracture injection-production problem (modified form Pruess and Azaroual 2006) 
 
Table 2.1. The advantages and disadvantages of CO2-EGS in comparison with water-EGS (adapted 
from Olasolo et al. 2016) 
Fluid properties CO2 Water 
Chemical 
Not an ionic dissolution product. No 
mineral dissolution/precipitation 
problem 
An ionic dissolution product. Serious problem 
of mineral dissolution/precipitation. 
Fluid circulation in 
wells High compressible and expandable Low compressibility. Moderate expandability 
Ease of flow in the 
geothermal 
reservoir 
Low viscosity and density High viscosity and density 
Heat transmission Low specific heat level High specific heat level 
Fluid loss Could result in beneficial geological storage of CO2 
A hindrance for the development of 
geothermal reservoir. Costly. 
**Advantage properties are colored in red, otherwise colored in blue 
 
2.4.3. Chemical react with mineral and geological sequestration of CO2 
In geothermal reservoir, chemical reaction will occur, when the CO2 dissolution encounters mineral 
under specific condition. The mechanism of such chemical reaction has been studied through injecting 
CO2 dissolution crossing cores under different condition by Xu et al. (2017). As shown in Fig. 2.8, the 
chemical reaction occurs dominantly between secondary products (H+, HCO3-, CO32-) of CO2 
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dissolution and other dissolved cation (Ca2+, Mg2+). Therefore, existing of formation water is 
prerequisite condition for chemical reaction in geothermal reservoir. In addition to this, pressure 
condition plays also a very important role on chemical reaction. Under increasing pressure, CO2 
dissolved process will be accelerated, which further promote mineral dissolution. In this case, the 
porosity will be enlarged, resulting in lower capillary pressure and high relative permeability. In 
contrast, a decreased pressure will promote the inverse process, in which more mineral (CaCO3, 
MgCO3) is precipitated and some CO2 is exsoluted out of CO2 dissolution. The precipitated mineral is 
potential to block the pores of geothermal reservoir, which shows low relative permeability. pH value 
is another critical factor effected the chemical reaction in geothermal reservoir. As the pure CO2 
dissolution exhibits acidic, any H+ mixing in dissolution will breaks chemical equilibrium. High pH 




Figure 2.8. Demonstration of mineral dissolution and precipitation (Xu et al. 2017) 
 
In an operated CO2-EGS, the geothermal reservoir can be divided into three main zones according to 
water saturation, involving zone 1, 2 and 3. In zone 1, there is only supercritical CO2, as the virgin 
water is replaced by CO2 due to production. Zone 2 distributed surrounding zone 1, in which CO2 
exists in gas phase together with water. Outside of zone 2, there is only dissolved CO2 and water, 
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where is dominant region for chemical reaction. Xu and Pruess (2010) conducted numerical study on 
chemical reaction based on a simple model in zone 3 over 100 years. As shown in Fig. 2.9, the trapped 
CO2 due to precipitation is illustrated along testing model in different times. The trapped CO2 drops 
down away from zone 2, which proves that the trapped CO2 is positively correlated to dissolved CO2 
concentration. On the other hand, trapped CO2 is accumulated during production and the accumulated 
rate is slow down production time. The trapped CO2 is treated as long-term CO2 geological storage. 
The consumption of CO2, namely geological storage, is estimated ranging from 1080kg/MWh to 
3960kg/MWh (Brown 2000, Pruess 2006). Frank et al. (2012) conducted a life cycle analysis of GHG 
emission of combined system (CO2-EGS + traditional coal power) based on the average value of 
2520kg/MWh. It is shown that the life cycle emission of combined system was only 15% when 90% 
carbon capture efficiency was assumed in comparison with traditional coal power. 
 
Figure 2.9. (a) Different zones created CO2 injection, (b) sketch of different zones and testing model, 
(c) cumulative amounts of CO2 sequestered by secondary carbonate precipitation along testing model 
at different times. (modified from Xu and Pruess 2010) 
 
2. CO2 application in geo-energy engineering 
Development of coupled THM models for reservoir stimulation and geo-energy production with supercritical                                      - 21 -
CO2 as working fluid  
2.4.4. Challenges of CO2-EGS 
The challenges faced by traditional water based EGS is still affecting the CO2-EGS, like reservoir 
stimulation and drilling technology. Because of low permeability, geothermal reservoir, especially 
HDR reservoir need be enhanced normally by fracturing for efficient heat extraction rate. How to 
control and evaluate the stimulated results, like fracture morphology, connection with production well, 
is a challenge. Seismic maps recorded during hydraulic fracturing could be a helpful tool for evaluate 
fracture morphology (Jeanne et al. 2015, Maurer et al. 2015). Drilling in geothermal reservoir under 
extremely high temperature and hard rock improves the requirements of drilling technology, maybe 
resulting into a high investment. Induced seismic is another issue, which observed in many traditional 
water based EGS (Kraft et al. 2009, Grigoli et al. 2017). CO2-EGS has also its own challenges. For 
instance, the pipe as well as surface equipment need be treated against corrosion of acidic CO2 
dissolution. Due to the low viscosity, it is high demands for fracturing equipment and fracturing 
technology, especially, the tightness of fracturing equipment. The circulation of CO2 for electricity 
generation also need be adapted according the properties of CO2. Then, economic is another noticeable 
issue that hinders the application of CO2 EGS.  
 
2.5. Supercritical CO2 fracturing in unconventional gas reservoir 
2.5.1. Status of CO2 fracturing in unconventional gas reservoir 
Over three decades ago, the potential for CO2 applied as fracturing fluid has been discussed by Lillies 
(1982) on its properties, like eliminating formation damage caused by water and rapid clean up. 
Fairless et al. (1986) compared the CO2 foam fracturing fluid of gelled methanol with other 
stimulation methods, found that this CO2 foam performs well for hydrocarbon formation that exhibit 
low permeability, low reservoir pressure or water sensitivity. Since the successful utilization of CO2 in 
American shale formation in early 1990s (Yost et al. 1993), CO2/sand fracturing treatments have 
attracted massive attentions of scholars in oil and gas industry. Many research works have been 
conducted numerically (Yin et al. 2011, Wang et al. 2018, Zhang et al. 2019), experimentally (Ishida 
et al. 2012, Liu et al. 2018) as well as in field (Gunter et al. 2005, Zhang et al. 2018), to study the 
behavior of CO2 as working fluid in unconventional gas reservoir. Comparing with traditional water-
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Table 2.2. The advantages and disadvantages of CO2 treatment in unconventional gas reservoir 
comparing with water-based treatment (adapted from Gandossi (2013) and Middleton et al. (2015)) 
Fluid properties CO2 treatment Water-based treatment 
Formation damage low High formation damage in water sensitive formation 
Performance in 
production 
Low break pressure, enhance the 
production due to replacing the 
adsorbed CH4 by CO2 
High break pressure 
Environmental 
impact 
Almost no impact, even migrating CO2 
emission Pollution of groundwater, flow back water 
Water demand Almost no water demand About2-4 million gallons per one hydraulic treatment 
Flow back Rapid flow back, minimize flow blocking  
Slow, mixing with some substance of 
hydrocarbon, need be treated or re injection 
into formation 
Investment  High cost Low cost 
Fracture making 
ability complex fracture propagation  Planner fracture 
Proppant transport  Low High, especially for gelled fluid 
Other  Corrosive due acid solution of CO2, High leak off  Low corrosive and Low leak off 
**Advantage properties are colored in red, otherwise colored in blue 
Liquid CO2 as well as supercritical CO2 fracturing has a lower break pressure. Meanwhile, due to 
replacing the adsorbed CH4 in pore by CO2, the production accumulation of CH4 can be enhanced in 
comparison with water-based fracturing fluid. Besides, CO2 fracturing fluid has a potential to migrate 
greenhouse emission, instead to pollute groundwater like the chemical additives in water-based 
fracturing fluid. What’s more, it can ease water shortage and minimize the risk for blocking during 
flow back. Another notable feature is that the CO2 fracturing fluid can create a complex fracture-
network, which is favor for gas production. There are two probable reasons for that: one is the Joule-
Thomson effect triggered more cold fractures; another one is the rapid decreased effective stress 
reactivates the preexisting micro fractures (see in Fig. 2.10). However, CO2 as fracturing fluid has also 
some disadvantages, like at present high cost, low proppant-carrying capacity for low viscosity, and 
corrosive.  
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Figure 2.10. Fracture mechanisms for normal fluid and supercritical fluid suggested by Watanabe et 
al. (2017) 
 
2.5.2. Different CO2 fracturing fluids 
According to its composition and state, the CO2 fracturing fluids can be classified into CO2 foam, 
liquid CO2 and supercritical CO2 fracturing fluid. Their property, low viscosity not only creates more 
complex fractures, but also causes a significant leakage, especially in high permeable reservoir. Pure 
CO2 owns a very low viscosity, about several tens to hundreds times low, which limits the 
permeability range of the reservoir that suitable for pure CO2 fracturing. Generally, in unconventional 
gas reservoir, not pure CO2, rather the CO2 with improved viscosity by some additives is widely used 
as fracturing fluid. Various thickened CO2 are recommended by many researchers. The thickener can 
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Bayraktar and Kiran 
(2000) 
That the PDMS was more CO2-philic than hydrocarbon-based polymers was 
further confirmed by PDMS solubility data 
Hong et al. (2005) The polymers were designed and selected to contain one or more sites for 
favorable thermodynamic inter actions with CO2 
Wang et al. (2009) The oligo (3-acetoxy oxetane) (OAO) was less CO2-philic than PVAc. 
Zhang et al. (2011) The vinyl ethylether (PVEE) and 1-decene (P-1-D)-thickener could improve the 
viscosity of CO2 approximately 13-14 times 
Luo et al. (2015) The rheological properties and friction performance has been studied with the 
pressure range from 10-30MPa and temperature range 0-100°C: 
Al Hinai et al. 
(2018) 





Shi et al. (2001) They synthesized tri (2-perfluorobutylethyl) tin fluoride, (F(CF2)4(CH2)2)3SnF. 
Tapriyal (2009) They design a non-fluorous thickener for enhancing CO2 viscosity 
Doherty et al. 
(2016) 
They prepared a series of cyclic amide and urea material as small molecule 
thickeners for organic solvents, dense CO2, and the mixtures thereof  
Lee (2017) A novel small molecules that self-assemble into viscosity enhancing 




Paik et al. (2007) They design a non-fluorous an alog of fluorous bis-ureas. 
Trickett et al. 
(2010) 
They designed surfactants that were not only CO2-soluble, but also capable of 
forming viscosity-enhancing rod-like micelles. 
Wu et al. (2018) They synthesized a CO2-responsive surfactant,erucamidoproyl dimethylamie (EA) 
to thicken the CO2  
 
2.5.3. Challenges of CO2 fracturing in unconventional gas reservoir 
Although many excellent features of CO2 as fracturing fluid has been pointed out, to date, the CO2 as 
fracturing fluid has been studied mostly in lab, only a few field applications have been conducted. 
Before widely applications, there remain some barriers need be removed. Due to ultra low viscosity, 
pure CO2 probably is not efficient to create a fracture for production. Its viscosity could potentially 
improved by CO2 thickener. Further, chemical thickener may bring some environmental problems, like 
traditional fracturing fluid. Proppant transport and placement is another critical factor determining the 
2. CO2 application in geo-energy engineering 
Development of coupled THM models for reservoir stimulation and geo-energy production with supercritical                                      - 25 -
CO2 as working fluid  
fracture performance, while CO2 has a poor proppant-carrying capacity. There are two possible 
methods to address this problem. Firstly, pure CO2 is used to create fracture, following proppant 
transported by traditional fluid. Another method uses thickened CO2 for fracturing as well as 
transports light proppant into fracture. Some possible light proppants are listed in Tab. 2.4. Regarding 
to the overall economic, it depends primarily on its influence on gas production effectiveness as well 
as additional costs associated with environmental impacts, the economics of CO2 delivery, and flow-
back CO2 treatment cost (Middleton et al. 2015). As the CO2 is transported to drilling site commonly 
in a tank under low temperature and high pressure, it occupies major cost in most cases. Besides, the 
mixture of CO2 in produced natural gas is expected in initiate production phase. To meet anti-
corrosion requirements for pipeline and engineering equipment, the mixed CO2 need be removed, 
which brings additional expense. Let’s consider the numerical modeling, because fracturing by using 
CO2 more likely to create a complex fracture network, it is a challenge to capture micro-fracture 
propagation in filed scale model.  
Table 2.4. Properties of light proppant introduced by Gaurav et al. (2012) 
Properties  ULW-1 ULW-2 ULW-3 
Nominal density 1.08 1.25 1.75 
Bulk density (g/cc) (closure stress =0 psi) 0.6 0.77 1.19 
Porosity of proppant pack (%) 44 36 31 
Sphericity 1 0.62±0.7 0.78±0.1 
 
2.6. Enhanced oil and gas recovery using CO2 
2.6.1. Status of CO2 applications in enhanced oil and gas recovery 
The oil production is normally classified into three main stages: primary, secondary and tertiary. In 
primary stages, the oil production is driven mainly by nature pressure difference between reservoir and 
production well. Generally, the production rate will slow down with a declined pressure difference. To 
maintain production rate, a pump system is introduced to keep the pressure difference, which is 
assigned in secondary stage. However, as shown in Fig. 2.11, the cumulative oil production from 
primary and secondary recovery is accounted typically only 33% of the total amount of oil present in 
reservoir. Most of oil is still trapped in reservoir not only for a declined pressure difference, but low 
mobility due to high viscosity. To address this issue and enhance recovery, two methods, flooding 
with high temperature steam and CO2, are widely used. The first field experiment of CO2 enhancing 
oil recovery (CO2-EOR) dates back to 1964 at the Mead Strawn Field, Texas. In this experiment, the 
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efficiency of CO2-EOR has been proven by the result that over 50% more oil was produced using CO2 
than by water flooding (Hill et al. 2013). About 10 years late, the first commercial scale was 
successfully implemented at the SACROC in west Texas (Hill et al. 2013). After that, the commercial 
application of CO2-EOR increase steady. Currently, CO2-EOR occupies the second place in enhancing 
oil recovery, only after the thermal flooding. In comparison with EOR, the CO2 enhancing gas 
recovery (CO2-EGR) is a relatively new concept (Hou et al. 2011, Hou et al. 2012), which is mostly 
associated with CO2 geological sequestration. Because natural gas has an extremely low viscosity in 
comparison with oil in reservoir, the trapped natural gas in depleted gas reservoir is too small amount 
to attract attention. But if it treated as secondary production of CO2 sequestration, the produced CO2 
could further reduce the cost of CO2 sequestration.  
In CO2-EOR, the oil mixed with CO2 improves the mobility significantly. This is why injection of CO2 
into oil reservoir could enhance oil recovery (Holm 1986). According to Perera et al. (2016), there are 
two mixing behaviors of CO2 and oil, miscibility and solubility, which is dependent on reservoir 
pressure and temperature. Miscible oil recovery is applied only at pressure higher than the minimum 
miscibility pressure, usually in deep oil reservoir, while immiscible oil recovery is applied to 
moderately heavy oil reservoir and shallower light oil reservoir. In CO2-EGR, the CO2 injection shows 
a different mechanism to enhance gas recovery. The absorbed CH4 can be replaced and flooded to 
production well, through competitive adsorption of injecting CO2.  
 
 
Figure 2.11. Oil production ability by primary/secondary recovery (Kuuskraa et al. 2006) 
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2.6.2. Challenges of CO2 enhanced oil and gas recovery 
Though the CO2-EOR has a long history and is widely used, there remain some problems for 
commercial application. Because of the mobility difference between CO2 and oil, it is more likely for 
the injecting CO2 to cross the oil flied forming a finger shape, which reduces the efficiency of EOR 
significantly. There are two potential solutions: firstly, using a water-alternating-gas injection strategy 
reduces the risk of forming finger channel potentially, as shown in Fig. 2.12; and CO2 thickener is 
introduced to increase the viscosity and flooding performance of CO2 in EOR (Enick et al. 2012). The 
cost is the key factor for CO2-EOR application, which is strongly dependent on the prevailing oil price 
as well as availability of cheap source of CO2. In addition to this, the unexpected geologic 
heterogeneity in CO2-EOR brings more potential risks. Regarding to CO2-EGR, the economics is also 
an obstacle for it application. Besides, the expensive and recovery reduction due to gas mixing is 
another unsolved problem (Oldenburg 2003). But if consider the benefit gathered by CO2 
sequestration, it has potential to be widely used in the further.  
 
Figure 2.12. Demonstration of water-alternating-gas (Godec et al. 2013) 
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3. Fundamentals of the THM model 
Engineered application of CO2 in geo-energy production is a very complicated process, containing: 
multi-component and flow, like CO2, aqueous and heat flow in EGS, and CO2, CH4, water, guar gum, 
water in unconventional gas reservoir during fracturing; proppant transport and placement; fracture 
propagation; altering reservoir permeability and porosity, etc. All these processes need be generated on 
the fundament of thermal-hydraulic-mechanic (THM) coupled framework, which will be introduced in 
detail in this chapter. The THM coupled framework was developed on the base of coupling concept 
FLAC3D-TOUGH (Rutqvist and Tsang 2002, Rutqvist et al. 2002). Afterwards, to improve the 
computing efficient, the TOUGH has been extended to multiple processing programs TOUGH2M and 
the coupling has been integrated on platform of WinStock (Gou 2018). TMVOC EOS (Pruess and 
Battistelli 2002) is adopted in this THM coupled framework to extend the scope of temperature of 
mixtures. Addition to this, more available components and phases provide the opportunity for user to 
define new component. For an instance, guar gum concerned as a hydrate has been defined in this 
work according its rheological characteristics. In this chapter, the fundamental of multi-component 
and flows, basic mechanics as well as the THM coupled mechanism are introduced in following.  
 
3.1. Hydraulic flow in porous medium 
3.1.1. Multi-phase and -component flow in porous medium 
Maximum four phases are involved in this work, including gaseous, aqueous, hydrate and solid phases, 
in which the first three phase is mobile phase, comprising of CO2, CH4, water and guar gum 
respectively. As shown in Fig. 3.1, the mobile phases exist in the void space of this solid matrix. In a 
representative zone, local thermal equilibrium condition is considered, namely the solid and the 
neighboring fluid are at the same temperature, as well the ice formation is neglected. The flows of all 
mobile phase obey Darcy Law in pore medium. Gaseous, aqueous and hydrate phase are treated as 
ideal mixture, which is distributed uniformly in the void of a representative zone. The proportion of 
each phase is defined as average mole fraction in the phase over all phases in the representative zone. 
Therefore, the sum of all mobile phase is equal to 1 (Eq. 3.1).  
           (3.1) 
Where  is the mole fraction in phase  [-];  is the mobile phase, including gas phase (g), aqueous 
phase (w) and hydrate phase (h). In these phases, the proportion of each component in every phase is 
also represented by the average mole fraction of component over this phase. Similarly, their sum is 1 
(Eq. 3.2) 
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Figure 3.1. Demonstration of multi-component in a representative zone 
 
           (3.2) 
Here  is the mole fraction of component  in phase  [-]. The transport process, characterizing the 
multi flow in geothermal reservoir as well as in unconventional gas reservoir, can be described by 
invoking the conservation law for mass and energy. The mass conservation for each component is 
given in following equation 
          (3.3) 
 is the mass accumulation term [mol/m³];  is the flux term [mol/m²/s];  is the accumulated 
source term [mol/m³/s]. They are given in following equations, respectively.  
          (3.4) 
          (3.5) 
           (3.6) 
Where  is the porosity [-];  is the mole density of mixture in phase  [mol/m³];  is the source 
term in phase  [mol/m³/s],  is the volume flux in phase  [m/s]. This volume flux can be expressed 
by following Darcy law. 
         (3.7) 
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The  is the permeability [m²],  is the relative permeability relating to phase  [-];  is the phase 
viscosity [Pa·s];  is the pressure gradient in phase  [Pa/m];  is the mass density of mixture 
in phase  [kg/m³];  is the gravity [m/s²]. 
Substituting Eqs. 3.4-3.6 into Eq.3.3, the mass conservation can be transformed into 
=0      (3.8) 
Combing with Eq. 3.7, the Eq. 3.8 is derived into 
   (3.9) 
Then Eq. 3.9 can be expanded further into following equation based on different phases. 
=0    (3.10) 
Where are the mass densities in gas, aqueous and hydrate phase [kg/m³]. 
 
3.1.2. Heat conservation 
Under the assumption of local thermal equilibrium, the energy conservation in porous medium can be 
described by one energy balance equation (Eq. 3.11), which has a similar formula as Eq. 3.3. 
          (3.11) 
 is heat accumulation term [J/m³];  is heat flux [J/m²/s];  is heat resource [J/m³/s].  
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Figure 3.2. Illustration of heat advection and conduction 
 
The three terms are given in following equations, in which the heat accumulation term is composed of 
two parts; the heat accumulation of solid and multi fluid in pore of representative zone. In Addition to 
this, heat flux is consisted of two different terms as well; one is advection terms due to multi-flows 
through pores, another one is conduction term due to heat flow through solid under a specific 
temperature difference. As shown in Fig. 3.2, the heat advection owns a direction same as flow 
direction in pores, while heat conduction is driven by temperature gradient.  
        (3.12) 
         (3.13) 
           (3.14) 
Where  is the mass density of solid [kg/m³];  is the mole enthalpy [J/mol];  is effective 
thermal conductivity [J/°C/mol]; is the specific intern energy of solid [J/kg]; is specific intern 
energy of mobile phase g, w and h [J/mol]. The defective thermal conductivity and heat capacity can 
be expressed by following equations.  
       (3.15) 
          (3.16) 
          (3.17) 
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 is specific heat capacity at constant volume of solid [J/°C/kg];  is specific heat capacity at 
constant volume of mobile phase g, w and h [J/°C/mol];  is thermal conductivity of solid [J/m²/s/°C]; 
 is thermal conductivity of mobile phase g, w and h [J/m²/s/°C]; 




3.1.3. Space and time discretization 
To solve multi-flow in porous medium, the whole model need be discretized firstly into small blocks 
using the integral finite difference method (Narasimhan and Witherspoon, 1976). Fig. 3.3 shows a 
discrete block with a sub-domain Vn of the flow system, which is bounded by the closed surface Γn. 
Therefore, the integral of Eq. 3.3 over a block can be written in following equations.  
       (3.19) 
Where  is the normal unite direction [-]. 
 
Figure 3.3. Demonstration of a discrete block  
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It is assumed that different components as well as source distributes uniformly in one control volume 
of a block. Introducing appropriate volume averages, the integral of Eq. 3.19 can be sampled into 
following equation.  
         (3.20) 
Time is discretized as a first-order finite difference. The flux and source terms in Eq. 3.20 are 
evaluated at the new time step ( ) to achieve numerical stability needed for an efficient 
calculation of multiphase flow. Because the fluxes on the new time step is expressed in terms of the 
unknown thermodynamic parameters, these unknowns are only implicitly defined in the resulting 
equations. The content variation can be approximated by  
      (3.21) 
Here an residual function is introduced to describe the content difference at time step . 
     (3.22) 
. 
Figure 3.4. Topology of a 2-diemsional discrete space 
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The integral of flux on closed surface in 2D discrete space (as shown in Fig. 3.4) can be written is 
following equation.  
(3.23) 
Where , , ,  are the contact area in left, right bottom and top sides [m²]; , 
, ,  are the flux from the left, right, bottom and top sides at time step  [m/s]. 
Likewise, the residual function of heat on a block is introduced as following equation. 
     (3.24) 
Eq. 3.24 in a 2D discrete space can be written 
    (3.25) 
 is the mixture enthalpy in phase β [J/mol], which is related to the flux direction of phase β. It can 
be determined according to Eq. 3.26.  
        (3.26) 
The flux of element ij with surrounding elements is given in Eq.3.27, which is dependent on current 
pressure.  
       (3.27) 
NK components are considered in this work. Under isothermal condition, the number of equations 
(NEQ=NK) is equal to the number of components. Under non-isothermal condition, one more 
equation of heat flow is taken into account (NEQ=NK+1). In the whole model, the space is divided 
into NEL individual elements. In each element, there are NEQ residual equations are constructed. 
Obviously, the residual function for multi-component as well as heat is none linear. Therefore, the 
Newton/Raphson iteration method is introduced to solve this none linear equation. The general 
formula is written as following equation.  
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X(p+1)=X(p)-J-1R           (3.28) 
Where X(p) is the variable matrix at iteration step (p); X(p+1) is the variable matrix at iteration step (p+1); 
R is the residual matrix; J is the Jacobi matrix based on the residual matrix.  
Both X and R matrix is composed of NEQ×NEL variables, whose correlation with the element is 
illustrated in Fig. 3.5. Jacobi matrix is formed by derivation of residual function to the variable in X 
matrix respectively. In consequence, total NEQ×NEL rows and columns are built in Jacobi matrix J. 




Figure 3.5. Correspondence between variables and residual function to element 
 
  (3.29) 
To achieve the variable at new time step ( ), the initial variables (initial at beginning  or form 
last time step ) is necessary for start the iteration process. After n step iterations, the value of residual 
falls to a very low level. When the residual satisfied the convergence tolerance that defined in Eq. 3.30 
or Eq. 3.31, the variables gained in last iteration step are treated as the variables at new time step. 
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However, if convergence cannot be achieved within a certain number of iterations, the time step  
will be reduced for a new iteration process.  
           (3.30) 
 is the relative convergence tolerance [-]. 
If the accumulation terms is too small (low as 1), another other parameters named absolute 
convergence tolerance are introduced to re-defined the convergence limits in Eq. 3.31.  
           (3.31) 
 
3.1.4. Equations of state 
The primary parameters like temperature and pressure are gained by solving above-mentioned multi-
flow equations. On bases of these primary parameters, volume or density of fluid still as unknown can 
be solved according to the relationship between volume, pressure and temperature of the fluid, which 
is called equation of state (EOS). Many EOSs has been developed to solve the fluid with different 
composition. In the hypotheses of ideal gas, namely without considering molecule force, the volume, 
pressure and temperature of gas shows a linear correlation, which is expressed in Eq. 3.32. 
           (3.32) 
Where n is the number of moles of the gas [mol]; R is the universal gas constant [w/mol/°C]. 
The hypotheses of ideal gas limit its application. For real gas, the molecule force plays a very 
important role, especially under compression with a high pressure. A most fundamental EOS named 
Van der Waals EOS was proposed by Van der Waals in 1873. The molecule force is considered by 
introducing two addition parameters, a for attraction and b for repulsion effect of molecule force. This 
cubic law can be used to predict the gas and liquid phase. Yet, the predicting accuracy sometimes is 
not very well.  
           (3.33) 
There are two very popular equation of state in petroleum engineering, Soave-Redlich-Kwong EOS 
(SRK) (Soave 1972) and Peng Robinson EOS (PR) (Peng and Robinson 1976). 
SRK EOS: 
          (3.34) 
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or 
       (3.35) 
Where  is compressibility factor [-]; other constants for SRK EOS are defined as following equations. 
         (3.36) 
      (3.37) 
         (3.38) 
        (3.39) 
Where  is acentric factor;  is critical temperatur [K],  is critical pressure [Pa]. 
 
PR EOS: 
         (3.40) 
or 
=0     (3.41) 
The constants for PR EOS are defined as following equations. 
         (3.42) 
       (3.43) 
         (3.44) 
       (3.45) 
As introducing of parameters a and b, both SRK and PR EOS could be used to predict the phase 
change of mixture. According to Eqs. 3.37 & 3.43, both a and b are measured relating to the critical 
temperature and critical pressure. Comparing with the typical range 0.24-0.29 of real fluid, the critical 
compressibility factor of Van der Waal of 0.375 is too high. SRK EOS has a relative low critical 
compressibility factor (0.333), which makes it perform well in lighter hydrocarbon. However, for 
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heavier hydrocarbon, PR EOS works better than SRK EOS as its critical compressibility factor low as 
0.3074. Normally, three roots are obtained by solving the above-mentioned cubic EOS. The smallest 
root is used to evaluate liquid density according to Eq. 3.46, as liquid fluid has higher density and is 
difficult compressed in comparison with gases phase. On the contrast, the biggest one is used to 
evaluate the gas density.  
           (3.46) 
A mixture has many components, whose properties are dependent not only on pressure and 
temperature, but on composition. Therefore, the composition should be considered in the mixing rule 
for calculating mixing properties. A simple mixing rule based on molar-weighted summation is 
adopted in this work. The average molar mass of a mixture is given in following 
          (3.47) 
In the mixture, the gases are assumed to behavior similarly under the same corresponding state. In this 
case, the critical temperature and pressure of mixture also can be calculated by simple weighted 
summation (Eq. 3.48).  
        (3.48) 
Here  are pseudo critical pressure and temperature of mixture. Then the state of mixture are 
expressed by pseudo reduced pressure ( ) and temperature ( ) as 
          (3.49) 
The relationship between compressibility factor and real gas state (pseudo reduced pressure and 
temperature) is exhibited in Fig. 3.6, which is a widely used as guide to determine the volumetric 
properties of mixture.  
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Figure 3.6. Gas compressibility factor after Katz (Lyons 2010) 
The parameters a and b mixture are estimated from every individual components as well as the 
interaction between components according to following equations 
       (3.50) 
           (3.51) 
Where  is the binary interaction parameters, with kii=0 and kij= kji 
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3.1.5. Thermal dynamic properties of mixtures 
In ideal mixture, with fugacity and activity coefficient equal to one, thus the mole fraction ratio for 
pure component among different phases is equal to equilibrium constants, which is give in following 
equations. The equilibrium constants for water and hydrate are expressed in the terms of solubility and 
vapor pressure.   
           (3.52) 
,  and  are the equilibrium constant of gas-water, water-hydrate and gas-hydrate mixture 
phase [-]. 
The viscosity of pure component can be expressed by a function in the term of pressure and 
temperature (Eq. 3.53).  
           (3.53) 
In this work, the specific viscosity of gas is calculated according to the function proposed by Irvine 
and Liley (1984). The hydrate viscosity is computed by using a corresponding state method (Reid et al. 
1987). For water and water vapor, its viscosity is estimated from the IAPWS formulation (Cooper and 
Dooley 1994) 
The viscosity of gas mixture and hydrate mixture is expressed in Eq. 3.54 and Eq. 3.55 respectively.  
          (3.54) 
           (3.55) 
Where  is the binary interaction parameters.  
 
The fluid enthalpy is an important property for non-isothermal flow. The specific enthalpy of fluid is 
composed of internal energy and the external work to change volume. In ideal gas, the internal energy 
is integrated from reference temperature under constant volume according to Eq. 3.56.  
           (3.56) 
Where  is the heat capacity of ideal gas [J/mol/K]: 
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The enthalpy due to volume change is enthalpy departure, which is integrated from reference pressure 
under constant temperature according to Eq. 3.57.  
          (3.57) 
The energy consumption in vaporization process is expressed as vaporization enthalpy in following  
           (3.58) 
The enthalpy is a state function relating to temperature and pressure. It is only dependent on the 
beginning state and end state, no matter what the integral path. Hydrate phase is treated kinds of fluid. 
Their integral path is shown in Fig. 3,7 with beginning state at reference point. Therefore, the enthalpy 
for gas, water and hydrate can be expressed by Eq. 3.59-61 respectively. 
 
 
Figure 3.7. Integral path of fluid at different phase, (a) gas and liquid phase, (b) liquid phase 
 
          (3.59) 
       (3.60) 
 (3.61) 
The enthalpy of mixture in each phase is accumulated on pure enthalpy according to mole fraction-
weighted factor in Eq. 3.62.  
          (3.62) 
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Relative permeability with a range of 0~1 is another important parameter for flux. The effective 
permeability in pore medium can be explained as the product of intrinsic and relative permeability. 
The relative permeability is closely correlated to saturation. For two phases, there are two often used 
relative permeability functions; one is Van Genuchten function (Van Genuchten 1980). 
        (3.63) 
        (3.64) 
Where n is a constant. 
The other one is and Brooks Corey function (Brooks and Corey1964) expressed in following  
      (3.65) 
           (3.66) 
 is also a constant.  
Some example curves for Van Genuchten and Brookes Corey is plotted in Fig.3.8. 
 
Figure 3.8. Relative permeability at different parameters after (a) van Genuchten and (b) Brooks 
Corey 
 
For three phase mixture, the relative permeability function is much complicated. In this work, the 
modified Stone’s relative permeability function (Falta et al. 1995) in terms of saturation is adopted for 
three phase fluid.  
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          (3.67) 
          (3.68) 
     (3.69) 
 
Likewise, there are also two popular capillary pressure functions in two-phase mixture, which are van 
Genuchten capillary pressure (Van Genuchten 1980) and Brooks Corey capillary pressure (Brooks and 
Corey1964). They are given in Eq.3.70 and Eq.3.71, respectively.  
         (3.70) 
          (3.71) 
Where  is the effective saturation  
Some example curves for capillary pressure according to van Genuchten and Brooks Corey function is 
plotted in Fig. 3.9 respectively.  
 
Figure 3.9. Capillary pressure at different parameters after (a) van Genuchten and (b) Brooks Corey 
 
The capillary pressure function proposed by Parker et al. (1987) is applied to evaluate the capillary 
pressure for three phases. Gas-hydrate capillary pressure and gas-water capillary pressure are given in 
Eq. 3.72 and Eq. 3.73 individually.  
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         (3.72) 
      (3.73) 
Here ,  
 
3.2. Mechanic response 
In this thesis, the basic mechanical behavior due to pressure change is simulated by popular program 
FLAC3D, which is a commercial code based on finite difference method (Itasca 2011). The governing 
equation and numerical method will be briefly introduced in this section. The detailed damage and 
fracture mechanics will be explained in following chapter.  
3.2.1. Governing equations 
As shown in Fig. 3.10, total three normal stresses (σxx, σyy, σzz) and six shear stresses (τxy, τyx, τyz, τzy, 
τxz, τzx) are used to describe the 3D stress state at a point in the Cartesian coordinate system. Because 
of symmetry of shear stress (τxy=τyx, τyz=τzy, τxz=τzx), the number of stress component can be reduced 
to six. Based on a unite element, the dynamic equilibrium equations in x-, y- and z-directions can be 
written in Eq. 3.74.  
        (3.74) 
Here  is the direction specific body force [N/m³];  is the direction specific displacement [m] (see 
in Fig. 3.10);  is the mass density [kg/m³] 
These equilibrium equations explain the relationship between external forces and stress under dynamic 
state. Set , the equilibrium equations for static state is achieved.  
Another important equation groups, i.e. geothermic equations are introduced to describe the 
correlation between displacement and strains. Correspondingly, total six strains (three normal strain ɛxx, 
ɛyy, ɛzz and three shear strain ɛxy, ɛyz, ɛxz) are enough to exhibit a 3D strain state in Cartesian coordinate 
system. The geometric equations are given in following 
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        (3.75) 
In equilibrium equations and geometric equations, there are total fifteen unknowns, including six 
stresses, six strains and three displacements. Apparently, only equilibrium equations and geometrics 
equations is not enough to solve these unknowns. Thus, here six constitutive equations (Hooke’s law) 
based on elastic theory (Eq. 3.76) are introduced to describe the relation between stresses and strains.  
       (3.76) 
Where  is Young’s modulus [Pa];  is the Poisson ratio [-];  is the shear modulus [Pa].  
On base of these equations, any force can be solved at a given deformation, or any deformation can be 
solved under known external forces. The mentioned equation can be simplified in following equations 




Figure 3.10. Notation of (a) stress element and (b) displacement  
 
          (3.77) 
         (3.78) 
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           (3.79) 
Where  is the velocity in specific direction [m/s];  is the stress increment tensor;  is the strain 
increment tensor;  is the physical matrix. 
3.2.2. Space discretization 
For energy conservation, the internal work rate equals to external work rate for any virtual velocity 
increment. Hence, on the integral domain  shown in Fig. 3.11, we must have 
      (3.80) 
Here  is the integral form of internal work rate;  is the integral form of 
external force work rate;  is the integral form of external work rate due to velocity 
change.  is the external force [N];  is the integral boundary of force;  is the integral boundary of 
displacement;  is strain increment rate tensor, which is defined as 
          (3.81) 
 
Figure 3.11. Notation of integral domain 
 
In numerical formulation, the space derivative is approximated by using the finite difference method. 
In FLAC3D, the discrete element will be divided into sub tetrahedron element as in Fig. 3.12. On a 
tetrahedron element, the velocity divergence inside a closed surface can be replaced by the integral of 
outward flux on the closed surface, according Gauss divergence theory. 
         (3.82) 
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Where  is the exterior normal direction in unite. 
 
 
Figure 3.12. Notation of the nodes and faces of a tetrahedron element  
 
The velocity divergence of a tetrahedron element can be in the terms of node velocity . 
     (3.83) 
Where  are the face and node index, respectively;  is the area of surface l;  is the exterior 
normal direction in unite; , means that the velocity of a surface is averaged form 
the three touched grid points.   
Replace the strain increment rate by Eq. 3.81 and introduce the velocity divergence in Eq. 3.83, the 
internal work rate in a tetrahedron element can be expressed as  
   (3.84) 
Where  
The work rate for external force  at node is written as  
         (3.85) 
Similarly, on the base of finite difference method, the external work rate contributions of body force 
and velocity change on a tetrahedron element are expressed in Eq. 3.86 and Eq. 3.87 respectively.  
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      (3.86) 
     (3.87) 
Where ,  is the volume of tetrahedron element.  
Substituting Eqs. 3.84-87 into Eq. 3.82, and summing all the contributing tetrahedron and node, the 
general form of work equilibrium at l-th node can be written as  
        (3.88) 
Here  is the sum of global contribution at node l. 
Any small disturbance or unbalance force will change the movement of grid point, further change the 
deformation energy. Under the effect of friction, such movement will slow down and finally stop, at 
which time a static state is achieved. To reach static or quasi-static state quickly, a damping force, 
which has a direction opposite to the movement, is introduced in Eq. 3.88. 
          (3.89) 
Where  is the damping force [N], which is defined as  
         (3.90) 
Solve Eq. 3.88 using the explicit finite difference method, the velocity of node l at new time step is 
calculated according to following equation. 
       (3.91) 
On the base of the new node velocity as well as time step ( ), the node displacement increment at 
new time ( ) can be achieved, which will be further used to evaluate the new stress and strain 
increment at node with the help of Eq. 3.78 and Eq. 3.79 respectively. 
 
3.2.3. Plastic deformation and failure criterions 
Some typical strain-stress curves are shown in Fig.3.13. When the stress state still in elastic region, it 
shows a linear correlation between stresses and strains (see Eq. 3.76). If the loading is removed, the 
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deformation can recover fully. However, once stress state reaches or exceeds the yield point, it enters 
plastic region with a non-linear correlation between stresses and strains. The deformation in plastic 
region is irreversible. The strain-stress curves of different type of rocks behaviors different after yield 
point, including strain-hardening, ideal elastic-plastic, strain softening as well brittle. These behaviors 
are classified according to the rest strength.  
 
Figure 3.13. Typical plastic strain-stress curves 
 
The boundary of elastic and plastic deformation is defined by yield point, namely failure criterion, 
which is strongly dependent on the stress state. There are two very popular failure criterions. One is 
Mohr failure criterion, in which the failure happens for the reason that shear stress over the shear 
strength. The expression of Mohr failure criterion is written in Eq. 3.93 or Eq. 3.94. 
         (3.92) 
or  
         (3.93) 
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Where  is the effective normal stress [Pa];  is the friction angle [°]; c is the cohesion [Pa];  
are maximum and minimum principal stress respectively [Pa];  is a constant defined as 
  
Another failure criterion is tensile criterion (Eq. 3.94). In this criterion, the plastic failure takes places, 
when the tensile stress exceeds tensile strength.  
          (3.94) 
Where  is tensile strength [Pa]. 
To explain the relationship between stress state and failure criterion, the stress state represented by 
Mohr circles is drawn in Fig. 3.14 together with Mohr and tensile failure criterion line. When Mohr 
circle locate at the right side of failure criterion, the stress state is located elastic. If the Mohr cricle 
reaches or crosses the failure lines, then plastic deformation will be triggered. From Fig. 3.14, it can be 
found that tensile failure is triggered more likely with a smaller Mohr circle, namely lower difference 
between maximum and minimum effective principal stress. 
 
Figure 3.14. Demonstration of the relationship between Mohr circle and failure criterion  
 
The plastic deformation can be calculated by following equation 
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          (3.95) 
Where  is plastic strain [-];  is plastic strain multiple [-];  is potential function;  is failure 
function;  operator is defined as following  
  
 
The potential functions corresponding to Mohr and tensile failure criterion are given in Eq. 3.96 and 
Eq. 3.97, respectively.  
          (3.96) 
           (3.97) 
 
3.3. THM coupling processes 
The multi-components and -flow as well mechanic behavior of reservoir have been introduced in 
previous section independently. However, in the real geo-energy reservoirs, these processes, mainly 
categorized in thermal, hydraulic and mechanic process, run tightly coupled with each other. The 
coupling concept as well as implemented schema will be discussed in this section.  
3.3.1. Coupling concept 
The THM coupled process is very complicated in geo-energy reservoir. The coupling effect among 
these processes is illustrated in Fig. 3.15. The effect of temperature on fluid can be characterized by 
the thermal dynamic properties of fluid, like viscosity and density, etc. Inversely, the impact flow on 
thermal process is taken into account by the flow-dependent heat advection and the departure enthalpy 
relating to hydraulic pressure. The coupling interactions between hydraulic and mechanic processes 
are described by effective stress, porosity and permeability. The effect of pressure is brought into 
mechanic by effective stress. On the contrast, the effective stress-dependent porosity and permeability 
can influence the hydraulic process directly. Due to the thermal expansion property, temperature plays 
a very important role on the mechanic behavior of rock. However, mechanic process affects thermal 
process by shear heating due to friction, which is too weak to be considered in this work.  
To quantify the effect of thermal as well as hydraulic process on mechanic, thermal stress and pressure 
acting on porous rock are defined as  
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          (3.98) 
           (3.99) 
Where  is the thermal stress [Pa];  is the thermal expansion coefficient [1/°C];  is the bulk 
modulus of grain [Pa];  is the temperature increment [°C];  is the partial pressure acting on 
porous rock [Pa];  is the biot coefficient [-];  is the pore pressure [Pa]. 
Substituting Eq. 3.98 and 3.99 into Eq. 3.76, then  
        (3.100) 
Here  is the unite matrix;  is the stress tensor;  is the strain tensor;  is the shear modulus [Pa];  is 
the Lame first parameter [Pa];  is the tensor operator of trace.  
 
Figure 3.15. THM coupled process 
 
Referring to Rutqvist and Tsang (2002), the formulas of stress-dependent porosity and permeability 
can be written in Eq. 3.101 and 3.102, whose original formulas were derived on the base data over 
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1000 direct laboratory measurement of permeability in core plug samples at various conditions of net 
effective stress (Davies and Davies 1999). 
       (3.101) 
          (3.102) 
Where  is the porosity at zero stress condition [-];   is the residual porosity [-]; = , is 
the effective mean stress [Pa];  is the mean stress [Pa]. 
3.3.2. Data flow in THM modeling 
As shown in Fig. 3.16, the data need be exchanged between hydraulic thermal codes THOUGH2MP 
and mechanic code FLAC3D to achieve THM coupling. Obviously, the precondition is that the 
discrete elements in two programs need one-to-one correspondence. Besides, the geometry of model 
and discrete element need identical for a high computing precious. In each loop, the mean stress 
averaged at the element center is gathered firstly from all elements and sent to THOUGH2M through 
the platform of WinStock. After receiving the data from FLAC3D, the data will be distributed to 
individual processors on corresponding element for porosity and permeability update. In 
THOUGH2MP, the temperature and pressure at new time step is calculated according to multi-flow 
introduced in previous section. The primary parameters, like temperature and pressure, are gathered 
again from all elements in separate processors in specific order. After that, the gathered temperature 
and pressure are sent back, further distributed to corresponding elements in FLAC3D. The received 
temperature and pressure are applied in Eq. 3.99 to get stress redistribution for next time step. This is 
the data flow with one THM coupled cycle and it will continue until reaching the time limit.  
The data exchange introduced here is only one cycle for the fundamental THM coupled model. In 
numerical model specific for geothermal energy and unconventional gas, the data exchange is much 
complicated and will be introduced in following chapters.  
3. Fundamentals of the THM model 
Development of coupled THM models for reservoir stimulation and geo-energy production with supercritical                                      - 54 -
CO2 as working fluid  
 
Figure 3.16. Data flow in THM coupled framework 
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Development of coupled THM models for reservoir stimulation and geo-energy production with supercritical                                      - 55 -
CO2 as working fluid  
4.  CO2 fracturing in unconventional gas reservoirs 
4.1. CO2 fracturing concepts 
As a useful method, hydraulic fracturing has been widely used to enhance the gas recovery from 
unconventional reservoir, which owns a low even ultra-low permeability (Economides and Nolte 
2000). The most commonly used is water-based fracturing fluid, due to its lower price and excellent 
performance. However, massively hydraulic fracturing could bring some serious problem, like 
underground water pollution, water shortage. In addition to this, some water-sensitive clay mineral 
limits the application of water-based hydraulic fracturing. To overcome these problems, an alternative 
fracturing fluid-CO2 has been proposed and attracts extensive attention in the last two decades. In 
previously numerical as well as experimental studies (Zhang et al. 2017; Wang et al. 2018), CO2-based 
fracturing fluid performs very well in low break down pressure, creating a more complex fracture-
network as well as more gas recovery through the desorbed CH4 by CO2. Besides, re-utilization of CO2 
in unconventional reservoir could partly reduce the greenhouse emission. However, before widely 
application, there remain some barriers need be removed, like high leakage caused by low viscosity 
and poor proppant-carrying ability.  
As the CO2 property is very temperature- and pressure-sensitive, the CO2 fracturing simulator need be 
integrated in the THM coupled framework FLAC3D-THOUGH2MP. To characterize the fracture 
propagation, a potential plane fracture elements is generated perpendicular to the minimum principal 
stress and intersected in the middle of discrete reservoir element, since the fracture propagation 
direction is assumed perpendicular to the minimum principal stress. As shown in Fig. 4.1, the fracture 
opening, closing as well as propagating only take place within the fracture potential path. The 
corresponding fracture models as well as proppant transport model are developed on this potential 
fracture path. Moreover, the multi-flow model in fracture has been derived on the variable fracture 
width. The multi-fluid exchanged between fractured elements with its host reservoir elements, is 
treated as fluid leakage. Three additional components, including surfactant thickened CO2, 
polydimethylsiloxane (PMDMS) thickened CO2 and guar gum are defined in this section, to compare 
their performance in unconventional reservoir. The thermal impact of CO2 fracturing is discussed in 
this chapter as well. Then, the different combination of thickened CO2 and proppant in different 
densities has been compared with traditional fracturing fluid-guar gum, to address the weak proppant-
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Figure 4.1. Demonstration of the fracture element in discrete model 
 
4.2. Description of relevant models 
Multi-flow model: 
As introduced above, discrete element is divided into two types, reservoir element and potential 
fracture element. For component κ, the fluid motion in both discrete elements is characterized by 
Darcy law with a formula in following  
         (4.1) 
Where  is the fluid velocity in phase β (gas, aqueous and hydrate) [m/s]; krβ is the relative 
permeability in phase β [m²]; ρβ is the mol density in phase β [mol/m³]; ρmβ is the mass density in 
phase β [kg/m³]; μβ is the viscosity in phase β [Pa·s]; P is the pressure [Pa]; g is the gravity [N/m]; k is 
the permeability [m²]. 
The averaged reservoir permeability is used to calculate the fluid motion between reservoir elements. 
When the mobile fluid flows from fracture to reservoir or from reservoir to fracture, the permeability 
of the host reservoir element will be adopted to describe the flow. But for the flow in fractures, the 
permeability between parallel fracture walls is approximated by following equations (Zhou 2014; Liao 
et al. 2020a).  
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           (4.2) 
Here f is the factor defines fracture roughness [-].  
According to Li et al. (2018), the mass conservation in discrete reservoir element and potential fracture 
element are given in Eq. 4.3 and Eq. 4.4, respectively.  
        (4.3) 
       (4.4) 
Here ϕ is the porosity [-]; F is the fraction of fractured element in total element, which is defined in 
following section [-]. w is the fracture width [m]; qk is the injection source of component κ [m³/s]. 
These mass conservation equations are solved by using Newton iteration with the help of code 
TOUGH2MP. As introduced in section 3, corresponding accumulation Mk and residuum term Rnt+1 of 
component κ in arbitrary reservoir elements is given in following  
          (4.5) 
     (4.6) 
Here Vn is the volume of control element [m³]; unmt+1 is the fluid velocity [m/s]; Δt is the time step [s]; 
Amn is the contact area between two elements [m²], the contact area between two fracture element is 
dependent on the fracture width and factor F.  
For the accumulation and residuum in potential fracture element can be given in following  
          (4.7) 
    (4.8) 
After solving these equations, the primary parameters, including pressure, temperature and fraction of 
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Fracture model: 
As the fracture pressure acts directly on fracture wall in the host reservoir element, the fracture width 
increment can be evaluated according to the current pressure in fracture and the geometry of its host 
reservoir element. 
         (4.9) 
Here  is the stress increment [Pa]; Pt+1 is the current pressure [Pa]; lc is the width of host reservoir 
element [m]; α1 is the rock toughness [Pa], ; .  
In Eq. 4.9, if current fracture pressure exceeds the compression stress in host reservoir element, the 
fracture width will be enlarged. Conversely, if fracture pressure is lower, the fracture width will be 
reduced. However, fracture width cannot reduce infinitely, because proppant as well as fracture 
roughness will support the fracture, when the fracture wall contacts with proppant. Therefore, a 
contact stress introduced by Zhou (2014) is used to evaluate the fracture width increment in following 
        (4.10) 
Where σcon is the contact stress [Pa] with  
  
Δɛ0 is the over reduced strain [-] 
Due to the fracture width increment, the stress state on corresponding host reservoir element will be 
altered according to following equations 
         (4.11) 
         (4.12) 
 
Mechanical model: 
The trial stress is applied firstly on corresponding host reservoir element. Such trial stress will break 
the stress equilibrium state. Then, with the new pore pressure in reservoir element, the equilibrium 
state can be achieved again by solving following equations (Itasca 2011). 
          (4.13) 
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          (4.14) 
           (4.15) 
where ,  is velocity [m/s];  is strain tensor [-];  is effective stress 
tensor [Pa]; α is Biot’s-coefficient [-];  is thermal expansion coefficient [1/°C];  is bulk modulus 
[Pa]; I is unit matrix; and D is physical matrix; , E is Young’s modulus [Pa];  is 




As shown in Fig. 4.2, the potential fracture path is inserted into the middle of reservoir element, in 
which the potential fracture element is divided into three types, fractured, partial fractured and non-
fractured element. In order to improve the accuracy, the fracture tip will be divided into sub-element. 
On every sub-element, the tensile failure criterion (Eq. 4.16) will be checked on the base of current 
stress and pressure. If enough number of sub-elements is fractured, the fracture tip will be converted 
into fractured element. After that, non-fractured elements surrounding the new fractured element are 
assigned as new fracture tip again, for failure criterion check in next time step. Then the fraction of 
fractured element is estimated by Eq. 4.17.  
          (4.16) 
           (4.17) 
Where σT is tensile strength [Pa]; Nfractrrured is the number of fractured sub-element [-]; Ntot is total 
number of sub-element [-]. 
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Figure 4.2. Illustration of the fractured, partly fractured and non-fractured element and sub-element 
(Liao et al. 2019a) 
 
Proppant transport model: 
Zhou (2014) and Hou et al. (2015a) introduced a proppant transport model. In this model, the slurry 
velocity ( ) shows a linear correlation with proppant velocity ( ) and liquid velocity ( ), which is 
given in following 
         (4.18) 
Here us is the slurry velocity [m/s]; ul is the liquid velocity [m/s]; up is the proppant transport velocity 
[m/s]; Cp is the proppant concentration [-].  
The proppant transport is driven mainly by liquid velocity as well as gravity. Physically, the part 
velocity driven by liquid is not exactly equal to liquid velocity. Referring to Liu (2006), a relative 
velocity model is introduced to characterize correlation between liquid velocity and proppant velocity 
driven by fluid, in which the influence of proppant diameter, fracture width as well as proppant 
concentration are considered.  
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  (4.19) 
Where dp is the proppant diameter [m]; weff is the effective fracture width [m], which is defined as in 
the formula of fracture width, proppant diameter and proppant concentration.  
  
Generally, the density of proppant is higher than liquid, because it is difficult to transport low denser 
proppant down to perforation, if buoyancy is larger than gravity. Therefore, proppant particle will 
settle down in slurry. The corresponding terminal settling velocity of a single proppant particle can be 
described in following equation, which relates to the particle Neynolds number.  
     (4.20) 
ρp is the proppant density [kg/m³]; ρl is the liquid density [kg/m³]; μa is the apparent viscosity [Pa·s], 
NRep is the particle Neynolds number, which is given in following  
  
Two additionally correlation factors are introduced to describe the effects of proppant concentration as 
well as wall hindering according to the correlation gained in experimental results (Barre and Conway 
1994).  
        (4.21) 
       (4.22) 
Where ccorr is the correlation of proppant concentration [-]; wcorr is the correlation of wall hindering 
effect [-]. 
Then proppant velocity can be expressed in Eq. 4.23 by the combined velocity driven by liquid and 
gravity. 
     (4.23) 
Where θ is the angle between flux and vertical direction [°]; usp is the proppant settling velocity [m/s]. 
4. CO2 fracturing in unconventional gas reservoir 
Development of coupled THM models for reservoir stimulation and geo-energy production with supercritical                                      - 62 -
CO2 as working fluid  
Substituting Eq. 4.23 into Eq. 4.18, the liquid and proppant velocity can be expressed further by Eqs. 
4.24-25 respectively. 
          (4.24) 
          (4.25) 
Then estimated proppant velocity is brought into the proppant mass conservation (Eq. 4.26) to obtain 
the proppant distribution. 
        (4.26) 
 
Fracturing fluid model 
In this section, the reservoir stimulation with different fracturing fluids, involving pure CO2, thickened 
CO2 and guar gum, are performed in tight gas reservoir, thus, the fracturing fluid, guar gum and 
thickened CO2 need be defined firstly. As viscosity property plays a very critical role in fracture 
creation, the application of different additives, like guar and CO2 thickener attempts to improve the 
viscosity of base solution. Therefore, the viscosity property of pure CO2, thickened CO2 and guar gum 
is characterized in following part. Regarding to other properties, like compressibility and enthalpy is 
calculated according to the base fluid of solution, like water and CO2, which is already given in Pruess 
and Battistelli (2002). 
As introduced in Torres et al. (2014), the relationship between apparent viscosity and zero-shear-rate 
viscosity for guar gum can be written in 
           (4.27) 
Where  is the apparent viscosity [Pa·s];  is the zero-shear-rate viscosity [Pa·s]; k is the time-
constant [-]; n is the flow index [-].  
Through matching the data from Torres et al. (2014), the guar concentration ( )-dependent time-
constant and flow index is expressed in flowing  
          (4.28) 
         (4.29) 
Here , , ,  is matching constant [-];  is the guar concentration [g/L]. 
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Besides, the zero-shear-rate viscosity is also guar concentration dependent. Their correlation is given 
in following 
          (4.30) 
,  are also matching constant [-]. 
Referring to Zhang et al. (2007), the Arrhenius equations is introduced to describe the thermal 
influence on the zero-shear-rate viscosity.  
       (4.31) 
Where Ea is the activation energy [J/mol]; R is the ideal gas constant [J/mol/K]; T0 is the reference 
temperature [K], here is set as 20+273.15K. 
According to above equations, the apparent viscosity, predicted under different guar concentrations 
and shear rates, are compared in Fig. 4.3(a), at a constant room temperature. All used parameters are 
summarized in tab. 4.1. The predicted apparent viscosity shows a good agreement with the original 
data from Torres et al. (2014). To study the thermal effect, the zero-shear-rate viscosity of guar gum at 
concentration of 10g/L is predicted under different temperature and compared with the data from 
Zhang et al. (2007). The zero-shear-rate viscosity decreases, but the decreasing rate is gradually slow 
down with an increasing temperature. As shown in Fig. 4.3b, the predicted zero-shear-rate viscosity 
matches very well with the data from Zhang et al. (2007). 
 
Table 4.1. Value of the parameters 
Parameter Value Parameter Value 
 2.6431×10-3  26.9127 
 4.1080×10-3  9.2018 
 2.5900×10-3  2.3210×10-1 
 19515.70  8.314 
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Figure 4.3. (a) Comparing the predicted apparent viscosity with data from Torres et al. (2014), (b) 
Comparing the predicted zero-shear-rate viscosity with data from Zhang et al. (2007) under different 
temperature 
 
As shown in Fig. 4.4 (a), the apparent viscosity of guar gum with a concentration of 5g/L is predicted 
under different temperatures as well as shear rates. Clearly, the apparent viscosity is falls down with 
growing shear rate. And a very similar tendency is observed under different temperatures. At the same 
shear rate, the apparent viscosity shows an inverse ratio with temperature. Additionally, the apparent 
viscosity under different shear rates and concentration are plotted in Fig. 4.3(b). The apparent 
viscosity of guar gum increases dramatically, when the guar concentration increases from zero to 
about 5g/L. Then the growing rate slows gradually with further increasing guar concentration. Besides, 
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Figure 4.4. (a) Apparent viscosity versus shear rate with guar concentration of 5g/L under different 
temperatures, (b) Apparent viscosity versus guar concentration under different shear rate 
 
Apparently, the proppant in fracture, particularly high proppant concentration, could influence the 
fluid flow in fracture. According to Zhou (2014), the impact of proppant concentration on apparent 
viscosity can be accounted by the help of following equation 
       (4.32) 
where  is the maximum proppant concentration,  is the correlation coefficient.  
Set =0.65 and , the relationship between apparent viscosity and proppant 
concentration is plotted in Fig. 4.5, in which guar concentration and temperature are set as 5g/L and 
10°C, respectively. Obviously, the proppant concentration in fracture will increase the apparent 
viscosity of guar gum in fracture. 
 
4. CO2 fracturing in unconventional gas reservoir 
Development of coupled THM models for reservoir stimulation and geo-energy production with supercritical                                      - 66 -
CO2 as working fluid  
 
Figure 4.5. Apparent viscosity versus shear rate under different proppant concentration  
 
Due to low viscosity causing significant leakage, the application of pure CO2 as fracturing fluid is 
limited in unconventional gas reservoir with relatively low permeability. In response to this, the CO2 
thickener was suggested by many researchers for CO2 fracturing (see in Tab. 2.3). In this work, two 
CO2 thickeners, including surfactant and polydimethylsiloxane (PDMS) will be used, which are named 
as Thicker 1 and Thickener 2 respectively in following section. According to Luo et al. (2015) and Li 
et al. (2019b), the temperature influence on surfactant as well as PDMS thickened CO2 viscosity can 
be approximated also by the Arrhenius equations, 
          (4.33) 
Where  is the viscosity [Pa·s],  is the pre-exponential factor [Pa·s];  is the activation energy 
[J/mol],  is the molar gas constant[J/mol/K]. 
 
Table 4.2. Value of the parameters 
Parameter  Pre-exponential factor(Av) activation energy(Ef) 
Surfactant (Thickener 2) 4.25×10-2 15000 
PDMS (Thickener 1) 2.76×10-3 15000 
Pure CO2 8.50×10-5 15000 
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The viscosity of different thickened CO2 as well as pure CO2 are predicted by using Eq. 4.33 and 
plotted in Fig. 4.6. The applied parameters are summarized in Tab. 4.2. The surfactant thickened CO2 
has relatively high viscosity in the range from 20×10-3 to 0.5×10-3 Pa·s with the temperature increasing 
from 20°C to 120°C, which is comparable with the data from Luo et al. (2015). The viscosity of 
PDMS thickened CO2 shows a similar tendency but low value in comparison with surfactant thickened 
CO2. The predicted viscosity of PDMS thickened CO2 locates dominant in the range that given by Li 
et al. (2019b). The lowest viscosity is found in pure CO2, ranging about 0.07×10-3 to below 0.01×10-3 
Pa·s. The viscosity of surfactant thickened CO2 has been improved about tens to hundreds times in 
comparison with the one of pure CO2.  
 
Figure 4.6. The apparent viscosity of thickened CO2 as well as pure CO2 under the impact of 
temperature 
 
4.3. Working schema and data flow of the CO2 fracturing model 
As shown in Fig. 4.7, the simulation begins with model generation on the base of geological 
information. After inputting all necessary parameters, the simulation enters the first cycle. The initial 
parameters, like temperature, fracture pressure, fracture width and fluid density etc. is assigned into 
FLAC3D to achieve a new stress distribution. Based on new fracture width, fluid velocity density as 
well as fluid density, the proppant placement will be calculated according to proppant transport model. 
Meanwhile, the failure criterion in sub-elements at fracture tip will be checked to judge fracture 
propagation. Then the stress state, proppant concentration, contact stress as well as updated fraction of 
fractured sub-element in whole fracture element are sent to reservoir simulator TOUGH2MP, where 
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the multi-flows in both fracture and reservoir elements are solved coupling with TMVOC EOS. The 
apparent viscosity of fracturing fluid is determined according to fracturing fluid model. In addition to 
this, the fracture width increment is estimated in fracture model and sent back to FLAC3D together 
with other primary parameters for next cycle. The simulation will continue, till the time reaches the 
time limit. This fracturing model is also developed on the popular THM framework TOUGH2MP-
FLAC3D as introduced in section 3.3.3. The data flow in this fracturing model is illustrated in Fig. 3.8. 
Only the viscosity, velocity and density of fracturing fluid are exchanged between TOUGH2MP and 
FLAC3D, which is used to estimate the proppant placement in fracture. As introduced in section 3.3.1, 
the permeability as well as porosity of reservoir will be updated on the base of current stress state from 
FLAC3D according to Eq. 3.100-3.101. 
 
Figure 4.7. Computing schema under a THM coupled framework 
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Figure 4.8. Time step based data flow under THM coupled framework 
 
4.4. Verification of implemented numerical models 
The mentioned fracturing model, involving fracture model, multi-flow model and proppant transport 
model, has been implemented into THM coupled framework TOUGH2MP-FLAC3D. These 
implemented models are verified separately in this section.  
4.4.1. Verification of fracture model in FLAC3D 
To verify the implemented fracture model, a pseudo 2D model is generated with dimension of 
30m×60m in x- and y-directions, respectively. A unit thickness is adopted in this model. As shown in 
Fig. 4.9a, the fluid under different viscosity is injected at the middle of left boundary with a constant 
rate of 0.5 kg/s. Potential fracture element is assumed in x-direction crossing injection point, which is 
perpendicular to minimum stress. The compression stress of 20 MPa and 10 MPa are applied in x- and 
y-direction, respectively. The boundary condition is demonstrated in Fig. 4.9b. The simulation is 
carried out under room temperature. Other important parameters, including mechanical, hydraulic, 
thermal as well as coupling parameters are summarized in Tab. 4.3. As shown Fig. 4.9b, two important 
parameters, fracture width and fracture length are used to describe the created fracture geometry.  
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Figure 4.9. Demonstration of simple 2D model for fracture verification 
Table 4.3. Summary of the used variables 
Parameter Value Unite 
Injectio rate (q) 0.5 kg/s 
Young’s modulus (E) 20×109 Pa 
Poisson ratio (v) 0.25 - 
Tensile strength (σT) 1×106 Pa 
Permeability (k) 1×10-15 m² 
Porosity (ϕ) 10 % 
Thermal expansion coefficient (ß) 1×10-6 1/°C 
Specific heat capacity (Cs) 965 J/kg/°C 
Biot coefficient (α) 1 - 
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The simulated fracture length and fracture width are compared with the analytical solution based on 
classic KGD model, whose approximate formulas were suggested by Dontsov (2017) in following.  
        (4.34) 
     (4.35) 
Where t is the injection time [s]; v is the Poisson ratio [-]; q is the injection rate [m³/s]; μ is the fluid 
viscosity [Pa·s];   
As shown in Fig. 4.10a, the terminal half-length under different viscose fluids match very well with 
analytical solutions. Apparently, high viscosity tends to create a shorter fracture, as highly viscose 
fluid will meet more resistance in fracture and need a higher injection pressure, which is confirmed by 
the fracture width profile in Fig. 4.10b. The highly viscose fluid tends to create a much wider fracture 
for a high net pressure. In spite of this, the simulated fracture width profile shows very good 
agreement with analytical solution under different fluid viscosities.  
 
Figure 4.10. (a) Comparing the numerical and analytical fracture half length, (b) the numerical and 
analytical fracture half width at 10 s 
 
4.4.2. Verification of multi-component and -flow in THOUGH2MP 
The multi-component and -flow will be verified in a simple 1D model through comparing with the 
simulated results from Oldenburg et al. (2013). As shown in Fig. 4.11, the 1D model is 61m long and 
is meshed equally into 61 elements. The crossing-section is square shape with the area of 0.0929m2. 
Pure CO2 is injected at the left under a rate of 0.009 m3/s. On the other end area, the pore pressure is 
fixed constantly as initial pore pressure of 204bar. Rest surfaces are closed for flow. The temperature 
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of 91.8°C and aqueous saturation of 1 is initiated in this model. Three components, CO2, CH4 and 
water are considered in this model. More detail information is given in Oldenburg et al. (2013) and 
Gou et al. (2016). 
 
Figure 4.11. Demonstration of simple 1D model for multi-flow verification  
 
The simulated gas pressure and saturation along the 1D model are plotted in Fig. 4.12a together with 
the simulated results from Oldenburg et al. (2013). The simulated pressure from present model near 
injection point is slightly high, but matches very well in rest part. Similarly, the simulated gas 
saturation in previous segment is slightly mismatching with the results from Oldenburg et al. (2013). 
Overall, the simulated results of present model are very comparable with the results from Oldenburg et 
al. (2013). The mass fractions of CO2 as well as CH4 in gas phase are compared in Fig. 4.12b. There is 
significant peak of CH4 fraction at migration front of CO2, because the initial CH4 is concentrated by 
the power of injecting CO2. In the previous segment, the saturation of CO2 reaches up to 100%. The 
final results show a good agreement with Oldenburg’s results. Therefore, the multi-flow in newly 
developed model is verified. 
 
Figure 4.12. (a) Simulated gas pressure and saturation, (b) the CO2 and CH4 saturation along the 1D 
model 
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4.4.3. Verification of proppant transport model in THOUGH2MP-FLAC3D 
To verify implemented proppant transport model, the simulated results by newly developed model is 
compared with the experimental results by Barree and Conway (1994), in which a 2D slot with the 
dimension of 4.8768m×1.2192m was constructed. A constant gap width of 7.8994mm is built in this 
slot. As shown in Fig. 4.13, the injection point lies at the right side about 0.3048 m below the model 
top, while the left side is free for out flow. Under room temperature, the guar gum containing 2.63 g/L 
guar is injected at a constant rate of 2.52×10-4 m3/s. It contains about 479kg proppant in each cubic 
meter injection fluid. In this condition, the apparent viscosity of guar gum is rough 0.35 Pa·s. Other 
applied parameters are listed in Tab. 4.4. The simulated proppant distribution contours at 30s and 150s 
are illustrated in Fig. 4.14 together with the experimental results at corresponding time. The red region 
represents the proppant concentration larger than 0.04, which is the minimum value is calculated from 
the ratio between single proppant particle volume and gap volume. Obviously, the simulated proppant 
placement and experimental results are very comparable with each other, especially the proppant 
transport distance at each time point and the slope of interface between proppant and guar gum fluid at 
150s. Thus, the feasibility of the proppant transport model by guar gum is verified. As the similar 
viscosity properties of thickened CO2 and guar gum, it assumed the proppant transport model is also 
useful for thickened CO2.  
 
Table 4.4. Summary of the used variables 
Parameter value unite 
Injection rate (q) 2.52×10-4 m³/s 
Proppant density (ρp) 2650 kg/m³ 
Guar concentration (Cg) 2.63 g/L 
Temperature (T) 25 °C 
Proppant diameter (pd) 0.6 mm 
Parameter for viscosity correlation (a) 1.8 - 
Maximal proppant concentration (Cmax) 0.65 - 
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Figure 4.13. Demonstration of the 2D model for proppant transport verification  
 
Figure 4.14. Comparing simulated proppant placement with the experiment results from Barree and 
Conway (1994) 
 
4.5. A generic model of a tight gas reservoir and the initial condition 
To study the performance of CO2 in unconventional gas reservoir, a typical fictitious model is 
generated with the geometry of 200m ×300m ×200m at the depth from -3200m to -3000m. As shown 
in Fig. 4.15, the model is divided into three strata formation, named “basement”, “Pay_zone” and 
“Cap_rock” from bottom to top respectively. A potential fracture plane with the same mesh is inserted 
in the host reservoir element at y=0. In this 1/4 part of a symmetrical model, all boundaries are closed 
for out flow. Yet, one point shown as red arrows is left for fluid injection, positing in the potential 
fracture element at the depth of -3100m. The movement on four sides plus bottom surface is fixed. 
Three initial stresses and pore pressure are illustrated also in Fig. 4.15 along depth. The minimum 
stress is found in y-direction, which is perpendicular to the potential fracture plane. A clear stress 
barrier is adopted in Cap_rock as well as in Basement to limit the fracture propagation in vertical 
direction. In addition to this, the initial temperature is converted from a common temperature gradient 
of 3°C/100m and surface temperature of 20 °C. Other applied parameters, including mechanical 
parameters, strength, hydraulic parameters and thermal parameter are listed in Tab. 4.5, wherein the 
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permeability and porosity are 0.1mD and 10% in Pay_zone respectively. Both are relatively higher 
than that of Cap_rock and Basement. This is a typical tight gas reservoir. 
 
Figure 4.15. (a) Demonstration of the discrete model, (a) applied initial stress, pressure and 
temperature  
 
Table 4.5. Applied mechanical, hydraulic and thermal parameters 
Group Cap_rock Pay_zone Basement 
Young’s modulus [Pa] 25×109 30×109 25×109 
Poisson ratio [dimensionless] 0.3 0.25 0.3 
Tensile strength [Pa] 2×106 1×106 2×106 
Permeability [m²] 1×10-17 1×10-16 1×10-17 
Porosity [%] 2.5 10 2.5 
Thermal expansion coefficient [1/°C] 1×10-6 1×10-6 1×10-6 
Specific heat capacity [J/kg/°C] 965 965 965 
Biot coefficient [-] 1 1 1 
 
The composition in pore of this model is demonstrated in Fig. 4.16. Only two phases are involved in 
the original pore. The aqueous phase, water-dominant, occupies about 20% mol weights. Rest pore is 
occupied by 95% CH4 and 5% CO2 in gas phase. As shown in Fig. 4.17, different fracturing fluids are 
injected at a constant rate of 6 m3/min. Finally, 480m3 fracturing fluid is injected into the whole model 
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in 80mins. As guar gum is a guar water solution, its density is assumed equal to water of 1000kg/m3. 
However, the density of injected CO2 is strongly related to the temperature as well as pressure. 
Generally, the CO2 is pumped from a hermetic tank, in which the CO2 is transported and stored as 
liquid under low temperature and high pressure. Therefore, the density of injected liquid CO2 could 
higher than water. Here the liquid CO2 with density 1150kg/m3 in tank is used. Physically, the cold 
CO2 will be heated in the process pumping from surface to perforation underground. The influence of 
injection well is not involved in this numerical model. To ensure the injected CO2 in supercritical state, 
the pure CO2 as well thickened CO2 are injected at the temperature of 40°C. In coordinate with it, the 
traditional fracturing fluid, water and guar gum are injected at the temperature of 40°C as well.  
 
Figure 4.16. (a) Initial component in aqueous and gas phase, (b) initial proportion of CO2 and CH4 in 
gas phase 
 
Figure 4.17. Injection plan and injection volume 
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4.6. Viscosity variation of the injected thickened CO2 
After 80 min injection, the simulated results of pure CO2 and different thickened CO2s are compared 
in Fig. 4.18. Obviously, the created fracture is symmetrical with respect to a horizontal line crossing 
injection point. Comparing the created fracture half width contours, the Thickener 2, namely surfactant 
thickened CO2, performs better to create a much wider fracture, due to low leak-off caused by low 
viscosity. The maximum fracture half width around 1.05cm is found at injection point. Other than this, 
the maximum half length created by Thickener 2 could reach up to 130m, which is much longer than 
the other two fractures created by Thickener 1 and pure CO2. The smallest fracture, with half length 
and half width only 31 m and 0.18 cm respectively, is stimulated by pure CO2 injection. Based on 
these, it can be concluded that the viscosity of CO2 plays a critical role on fracture creation in such 
tight gas reservoir with permeability of 0.1 mD, because large leakage makes the pure CO2 inefficient 
to create a fracture for production. But if improve the viscosity of pure CO2 by using thickener, it is 
possible to create an efficient fracture. The pore pressure in host reservoir element is illustrated in Fig. 
4.18. Basically, the maximum value of pore pressure shows a negative correlation with fracturing fluid 
viscosity. In spite of this, the pore pressure due to pure CO2 injection distributes evenly, except for it 
due to Thickener 2 injection, in which the high pore pressure distributes in two bands at the top and 
bottom of fracture around a semicircle region. The low pressure around injection point is caused by 
low leak-off rate due to high viscosity determined by relatively low temperature. Although the 
viscosity is higher at fracture tip, it has not enough time for leak-off, thus the pore pressure close to 
fracture is still relatively low.  
In the fracture created by Thickener 2 injection, the temperature and viscosity distribution are 
illustrated in Fig. 4.19. During fluid flowing from injection point into fracture as well as reservoir, the 
cold thickened CO2 will be heated gradually through heat exchanging with reservoir rock as well as 
mixing with warmer fluid in fracture. Therefore, the temperature increases gradually with the distance 
away from injection point, where the lowest temperature is measured equal to the injection 
temperature of 40 °C. The temperature in non-fractured area is almost unaffected. Especially, the 
temperature drop area is smaller than fracture contour, because the temperature of cold thickened CO2 
is already heated, when it reaches the fracture tip. Inversely, the apparent viscosity decreases 1.34×10-³ 
Pa·s gradually with the distance away from injection point under the influence of temperature, which 
confirms again the pore pressure distribution in Fig. 4.18. Besides, the pressure, temperature and 
viscosity along the dotted line in Fig. 4.19a are plotted at different times in Fig. 4.19d-e respectively. 
Obviously, the variation the pressure is in fracture is ignorable, while the pore pressure is in the shape 
of inverse U  with high value in middle and low in two ends. From Fig. 4.19e, temperature drop 
area propagates much slowly than fracture propagating. But, the propagation of temperature drop area 
is consistent with viscosity change. 
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Figure 4.18. The results the fracture half width and pore pressure with different fracturing fluids 
 
 
Figure 4.19. Results by Thickener 2, (a) temperature contour, (b) viscosity contour, (c) fracture half 
with contour, (d) fracture pressure and pore pressure at different time points, (d) temperature and 
viscosity along fracture at different time points 
4. CO2 fracturing in unconventional gas reservoir 
Development of coupled THM models for reservoir stimulation and geo-energy production with supercritical                                      - 79 -
CO2 as working fluid  
During fracturing, the injected CO2 as well as thickened CO2 will leak into reservoir formation to 
change its composition. In the fracture and reservoir formation with Thickener 2 injection, the CO2 
fraction in gas phase is shown in Fig. 4.20a-b respectively. Evidently, whole fracture is occupied by 
the CO2 in gas phase. The distribution of CO2 in reservoir formation is consistent with pore pressure in 
Fig. 4.18. The maximum CO2 fraction is improved from 5% up to 36.9% in the host reservoir element. 
In reservoir formation, the CO2 fraction in gas phase by different fluids injection is plotted along 
dotted line B-B` and C-C`, respectively. Dotted line B-B` is in host reservoir element parallel to 
fracture wall, while C-C` is perpendicular to fracture wall crossing the injection point. By pure CO2 
injection, fast all the CH4 in the host reservoir element containing fracture is replaced by CO2, which is 
evidenced by the CO2 fraction close to 100% in Fig. 4.20c. However, by Thickener 1 and Thickener 2 
injections, the maximum CO2 fraction drops to about 80% and 30%, respectively. More information 
about CO2 invade depth at injection point is illustrated in Fig. 4.20d. Reasonably, the invade depth 
shows a negative correlation with fluid viscosity and it reaches 7m, 3m and 1m by pure CO2, 
Thickener 1 and 2 injection respectively.  
 
Figure 4.20. (a) CO2 saturation in gas phase in fracture, (a) CO2 saturation in gas phase in formation 
pore, (c) CO2 saturation in gas phase along the dotted line B-B`, (a) CO2 saturation in gas phase 
along the dotted line C-C` 
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Figure 4.21. (a) Fracture width profile at different time along the dotted line A-A`, (b) fracture half 
with contour at 80min by Thickener 2 injection, (c) fracture profile at different time along the dotted 
line B-B` 
 
At different time points, the fracture width profiles by Thickener 2 injection are shown in Fig. 4.21. As 
shown by the vertical fracture profile in Fig. 4.21a, the fracture half width is enlarged but with 
gradually decreased expanding rate. Under the effect of stress barrier, the fracture propagation in 
vertical is limited within 100m height after about 20 min. Similarly, the fracture propagation in 
horizontal direction with a gradually decreasing speed (see in Fig. 4.21c), because enhanced fracture 
will increases the area for leak off. Similar profiles by pure CO2, Thickener 1 and 2 injections are 
illustrated in Fig. 4.22. The fracture created by pure CO2 is too narrow to place proppant, while 
Thickener 2 could create enough fracture for proppant transport and placement.  
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Figure 4.22. (a) Fracture profile created by different fluids along the dotted line A-A`, (B) fracture 
half width contour at 80min by Thickener 1 injection, (c) fracture profile created by different fluid 
along the dotted line B-B` 
 
In the period of fracturing, the injection pressures by pure CO2, Thickener 1 and 2 are recorded and 
plotted in Fig. 4.23a. The sawtooth nature of the injection pressure by pure CO2 injection is because of 
the discrete element and coarse mesh. Otherwise, the main characteristic that injection pressure 
decreases from pure CO2, Thickener 1 to Thickener 2 is clearly captured from these pressure cures. 
Because the fracture created by pure CO2 is very small, there is not enough space for stress 
redistribution. As a consequent, a high pressure needs to overcome the compression stress on fracture 
wall. In order to catch the break down pressure, a time step low to 0.02s is used in the first ten seconds. 
The final results are compared in Fig. 4.23b. It is clear that the break down pressure shows a positive 
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ratio with fracturing fluid viscosity, which is in accordance with the results observed by Zhang et al. 
(2017). The break down pressure reaches respectively to 75.3 MPa, 80.1 MPa and 84.0 MPa by pure 
CO2, Thickener 1 and 2 injections. 
 
Figure 4.23. (a) Bottom hole pressure versus injection time, (b) break down pressure under different 
injection fluid 
 
Figure 4.24. Comparing the simulated fracture half length, fracture volume and leak off under 
different fracturing fluid 
 
The fracture half length, fracture volume as well as leak-off are compared in Fig. 4.24. Similar as the 
fracture half length, fracture volume increases from pure CO2, Thickener 1 to Thickener 2 injection. 
The maximum fracture volume of 324.28m³ is created by Thickener 2 injection. Leakage is converted 
from the ratio between the stored and totally injected fluid mass. By pure CO2 and Thickener 1 
4. CO2 fracturing in unconventional gas reservoir 
Development of coupled THM models for reservoir stimulation and geo-energy production with supercritical                                      - 83 -
CO2 as working fluid  
injection, most of the fracturing fluid is leaked. Even for Thickener 2 injection, still about 50% of 
injected content is leaked. But the fracture volume of 324.28 m³ exceeds the half volume of injected 
thickened CO2, as a consequent of that the injected cold CO2 is expanded in the fracture with relatively 
high temperature.  
4.7. Comparing performance of thickened CO2 with traditional fracturing fluid 
As discussed above, Thickener 2 owning high performance in fracture creation is selected to compare 
with traditional fracturing fluid, including pure water and guar gum. The guar gum is injected at the 
temperature of 40°C with apparent viscosity about 100×10-³ Pa·s. Then fracture half width contours 
and pore pressure of host reservoir formation is shown in Fig. 4.25. The Thickener 2 could create a 
longer and wider fracture than pure water, but still shorter and narrower than the one created by guar 
gum, as guar gum has a much higher apparent viscosity. Maximum half length and half width due to 
guar gum injection could reach about 143m and 1.2cm, respectively. The pore pressure distribution by 
pure water injection is similar as the one by Thickener 1 injection in Fig. 4.18, because they have a 
comparable viscosity. While, the pore pressure by guar gum injection increases slightly in comparison 
with initial pressure (around 31MPa at injection point), as the leak-off rate is limited by high viscosity.  
 
Figure 4.25. The results of the fracture half with and pore pressure with different fracturing fluid 
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Figure 4.26. The results of the viscosity and fluid density with different fracturing fluid after fracturing  
 
The viscosity of the fracturing fluid in fracture is exhibited in Fig 4.26, in which a comparable 
distribution is observed, decreasing with the distance away from injection point. But the maximum 
value is different, with the value of 0.65×10-3 Pa·s, 13.4×10-3 Pa·s, and 92.4×10-3 Pa·s from pure water, 
Thickener 2 and guar gum. At the end of fracturing, the density contours of fracturing fluid in fracture 
are also shown in Fig. 4.26. The density approximates 1000kg/m³ and distributes uniformly in whole 
fracture, for the reason that water as well as guar water solution is not very compressible. In contrast, 
the density of CO2 ranges from 961kg/m³ to about 700kg/m³, with the value decreasing form injection 
point to fracture boundary, because the density changes under influence of variable pressure and 
temperature.  
The temperature contours due to pure water, Thickener 2 and guar gum are compared in Fig. 4.27. The 
lowest temperature of 40°C is found at injection point and equal to the injection temperature. All three 
have a similar distribution shape and the temperature increase from injection point to fracture tip. The 
difference is the propagated length of temperature drops area. The shortest propagated length of 
temperature drops area is due to pure water injection under the limit of fracture. In comparison with 
Thickener 2, the propagated length due to guar gum injection is much longer. There are two reasons 
for that: one is the fracture length created by guar gum is longer; another one is the injected cold guar 
gum has relatively high specific heat capacity, in another words, it takes more energy to heat the guar 
gum to the same temperature in comparison with CO2.  
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Figure 4.27. The temperature contours by (a) Water injection, (b) Thickener 2 injection, (c) Guar gum 
injection, (d) Temperature along a horizontal straight line crossing injection point 
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Figure 4.28. (a) Fracture profile created by different fluids along the dotted line A-A`, (B) fracture 
half width contour at 80min by Guar gum injection, (c) fracture profile created by different fluid along 
the dotted line B-B` 
 
As shown in Fig. 4.28, the fracture width profiles created by different fluids injection are plotted along 
dotted line A-A` and B-B` respectively. The fracture profile created by pure water injection is 
apparently lower than other two fractures. The fracture width profiles due to Thickener 2 injection is 
very close to, but still slightly low as the one created by guar gum. It presents that the Thickener 2, 
namely the CO2 thickened by surfactant, has a similar performance in fracture creation, comparing 
with traditional fracturing fluid guar gum.  
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Figure 4.29. (a) Bottom hole pressure versus injection time, (b) break down pressure under different 
injection fluid 
Fig. 4.29a shows the recorded injection pressure against time by different fluids injection, in which the 
injection pressure due to guar gum is beyond other two, with a dramatic fluctuation, because the guar 
gum with high viscosity needs overcome more resistance. This could be confirmed by the wider 
fracture half width in Fig. 4.25. Due to poor compressibility, the injection pressure fluctuates, when 
fracture tip propagates in a discrete element. However, the injection pressure by pure water, which 
owns the lowest viscosity, has a relatively high injection pressure in comparison with Thickener 2, 
since the relatively small fracture is not efficient for stress redistribution. Likewise, the break down 
pressure by different fluid injections is measured by a time step of 0.02s. A linear correlation between 
break down pressure and fracturing fluid viscosity is confirmed again. The break down pressure 
reaches to 79.8 MPa, 84.0 MPa and 95.7 MPa by pure water, Thickener 2 and guar gum injections, 
respectively. 
The fracture half width is recorded at the injection point and plotted in Fig. 4.30. During injection of 
guar gum, the fracture width expands much quickly in first few minutes, because of high pressure at 
fracture initiation. Then it increases with a gradually slow down growing rate. A very similar tendency 
is found in the fracture width change by Thickener 2 injection. While, the fracture width due to pure 
water injection is almost stopped growing after fracture initiation. But the pressure fluctuation due to 
discrete element (see in Fig. 4.29a) is exactly reprinted on the fracture width change in Fig. 4.30. 
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Figure 4.30. Temporal evolution of fracture half with under different injection fluid 
The temporal variation of fracture volumes by pure water, Thickener 2 and guar gum are compared 
with injected volume in Fig. 4.31. Obviously, the final fracture volume decreases with fracturing fluid 
from guar gum, Thickener 2 to pure water. On the other hand, the leak-off rate, i.e. the difference 
between injection and fracture volume, rises with injection time due to an increasing leaked area 
(fracture area). For more information, Fig. 4.31a is partly magnified in to Fig. 4.31b. The fracture 
volume by Thickener 2 injection is sizably higher than the one by guar gum, even higher than injection 
volume, which is caused by the combined effect of significant volume expansion and almost 
negligible leakage at beginning. After that, the fracture volume increase gradually below fracture 
volume, because of increasing leakage. 
 
Figure 4.31. (a) Fracture volume versus injection time in the cases under different injection fluid, (b) 
partial magnification of the left figure 
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Figure 4.32. Comparing the simulated fracture half length, fracture volume and leak off under 
different fracturing fluid 
 
Fig. 4.32 shows the fracture half length, fracture volume as well as leak-off by pure water, Thickener 2 
and guar gum injection. The fracture half length and fracture volume have a similar tendency increase 
from pure water, Thickener 2 and guar gum, which is harmonized with the viscosity order of 
fracturing fluid. The maximum fracture length of 143m is created by guar gum injection, which is only 
about 10% longer than the one created by Thickener 2. If considering the fracture volume, the ratio 
between guar gum and Thickener 2 exceeds 32%, because of a much wider fracture created by guar 
gum. When the CO2 is assumed incompressible, the fracture volume should be 240m³ calculated from 
the leak-off 49.5% and total injection volume of 480m³. Comparing with the real fracture volume of 
324 m³, the fracture volume created by CO2 expansion is accounted about 35%. Thus, the performance 
thickened CO2 in fracture creation is comparable as guar gum in this model. 
 
4.8. Thermal impact on fracture-making ability of thickened CO2 
As the property, especially the density and viscosity is closely correlated to fluid temperature, the 
performances of Thickener 2 under different thermal conditions are compared in this section. To 
characterize the thermal impact, several cases, Thickener 2 (thickened by surfactant) is injected at the 
temperature of 50°C under a non-isothermal condition (non-iso-50), Thickener 2 is injected into the 
isothermal reservoir with initial temperature of 40°C and 113°C (iso-40 & iso-113) respectively, are 
carried out and compared with the base case, which Thickener 2 (thickened by surfactant) is injected at 
the temperature of 40°C under a non-isothermal condition (non-iso-40). Two critical temperatures, 
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40 °C and 113°C are the injected temperature and temperature at reference depth of -3100m, 
respectively. Along the horizontal line crossing injection point, the temperature profiles as well as 
viscosity profiles after fracturing are exhibited in Fig. 4.33a and 4.33b, respectively. In the case of 
non-iso-40 and non-iso-50, the temperature profiles have a very similar tendency increases gradually 
with the distance away from injection point, but different start points. However, the temperature is 
hold constantly in whole fracture under isothermal condition, displaying as a horizontal line. The 
viscosity profiles show an exactly inverse tendency in comparison with temperature. A constant 
viscosity is found both in two isothermal cases. But the viscosity in case with temperature of 113°C is 
obviously higher than the one of 40°C. In non-isothermal cases, the viscosity decreases gradually from 
two values to the level determined by 113°C.  
 
 
Figure 4.33. (a) Temperature (b) viscosity along the horizontal straight-line crossing injection point 
 
On the same horizontal line, the fracturing fluid density in different cases is plotted in Fig. 4.34. The 
density profiles have a very similar tendency, comparing with viscosity in Fig. 4.32, except for the 
density of non-iso-40 near injection point. Even under same temperature, the density of non-iso-40 is 
higher than the one of iso-40, because the density of CO2 is still associated with fracture pressure. A 
relatively high pressure is necessary to overcome high resistance caused by high viscosity in case of 
non-iso-40. The lowest density is found in case of iso-113, showing that the expansion effect is most 
significant. Under non-isothermal condition, the expansion effect is increased from injection point to 
fracture tip, in consistent with temperature in fracture. 
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Figure 4.34. Density along the horizontal straight-line crossing injection point 
 
The fracture half width profiles along the horizontal line crossing injection point are demonstrated in 
Fig. 4.35 in different cases. Under isothermal condition, the fracture in case of iso-40 is bigger than in 
case of iso-113, indicating that leak-off rate is the dominant factor to create a fracture in this fictitious 
model. The fracture width profiles in non-isothermal cases are not very different and lie between the 
fracture profiles of isothermal cases. However, the fracture widths of non-isothermal cases are still 
lower than the one of iso-113 near injection point, where the expansion effect of iso-113 is major in 
comparison with non-isothermal cases in this temperature drop area. Therefore, the spatial distribution 
of expansion effect and leak off rate in non-isothermal cases is uneven in fracture. Relatively high 
leak-off rate as well as expansion effect concentrates in the area close to fracture tip. And the fracture 
profiles are the competing results of leak-off and expansion.  
 
Figure 4.35. Fracture profile under different thermal conditions 
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The temporal fracture half width as well as fracture volume is shown in Fig. 4.36. In this discrete 
model, the maximum fracture half width increases in stepwise. The fracture length increases rapidly in 
the first few minutes, afterwards gradually slow down. The final fracture length decreases from iso-40, 
non-iso-40 & 50 to iso-113, which has been observed in Fig. 4.35. Regarding to the temporal fracture 
volume, it can be divided into two segments on the base of 20min. In the first segment, the order of 
fracture volume, iso-113>non-iso-40 & 50>iso-40, is observed, while it is exact opposite in the next 
segment. It shows that the temporal distribution of expansion effect and leak-off rate is uneven as well. 
At the beginning, the expansion effect is dominant in fracture creation, but with fracture propagation, 
leak-off rate will occupy the dominant place. Comparing the expansion effect, the leak-off, i.e. 
difference between injection and fracture volume, plays a particularly important role in fracture 
creation, especially in the second segment.  
 
 
Figure 4.36. (a) Maximum half length (b) fracture volume under different thermal conditions 
 
4.9. Optimization proppant densities and placement 
Due to lower viscosity and density, the proppant-carrying ability of pure CO2 as well as thickened 
CO2 is poor in comparison with traditional guar gum. To address the proppant-carrying issue, the 
simulation of different combinations (Thickener 2+2700kg/m³, Thickener 2+1750kg/m³ and Thickener 
2+1250kg/m³) are simulated by using the newly developed model, and compared with the guar gum 
combining proppant density of 2700kg/m³. The injection rate as well as proppant concentration in 
fracturing fluid are shown in Fig. 4.37. In injected fracturing fluid, propant concentration increases in 
stepwise firstly after 30 min. Maximum injected volume concentration reaches about 19% after 70min 
and rough 37 m³ proppant is injected in every case.  
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Figure 4.37. Injection plan and proppant volume concentration  
 
The temporal fracture volumes of different cases are plotted in Fig. 4.38. After injection 480m³ 
fracturing fluid, all tree fracture volumes due to Thickener 2 reach all around 320m³, while guar gum 
creates a higher fracture volume about 430m³, because of lower leak-off. Then fracture well is shut in 
for fracture closure. Apparently, in all combinations of Thickener 2 injection, the fracture volumes 
decrease more quickly than guar gum. Only about 1 hour later, the fracture created by Thickener 2 is 
already closed. But it takes at least 5 hours for fracture closure in the case of guar gum, for the reason 
that Thickener 2 has a much significant leak-off rate driven by lower viscosity. After fracture closure, 
the final fracture volumes in all cases drop to the same level about 57m³, which is the minimum 
fracture volume can be supported by injected proppant volume (about 37 m³), accounted from the 
maximum proppant concentration at 0.65. It also confirmed that all fractures are fully closed. In 
addition to this, the temporal fracture volume curves due to Thickener 2 injection overlap each other in 
whole process, indicating that the fracture propagation and closure is not influenced by proppant 
density, but mainly determined by the property of fracturing fluid.  
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Figure 4.38. Temporal evaluation of fracture volume from injection to fracture closure 
 
The temporal fracture volume variation could be explained fundamentally by the temperature and 
viscosity change during fracture closure. Along the horizontal line crossing injection point, the 
temperature and viscosity profiles of fracturing fluid (Thickener 2) are drawn in Fig. 4.39 respectively, 
at different time points during fracture closure. Because no more cold fracturing fluid is injected after 
well shut in, the temperature of fracturing fluid in fracture recovers gradually through heat conduction 
from host rock. As shown in Fig. 4.39a, the temperature recovers with a gradually slow rate. About 
100min after fracturing, the temperature at injection point is already recovered from 40°C to 105°C, 
but the final temperature is still slightly lower than initial temperature, because of energy balance. It 
should be pointed out that the temperature drop area propagates continuously even after fracturing, due 
to unevenly spatial leak-off rate, the cold fracturing fluid will be further transferred to fracture tip to 
fill the leaked content. Correspondingly, the viscosity (in Fig. 3.39b) shows an inverse tendency, 
decreasing gradually with time as well as distance away from injection point. Only 100min late, the 
viscosity of Thickener 2 is almost recovered.  
As shown in Fig. 4.40, the temperature and viscosity profiles due to Thickener 2 injection are 
compared with guar gum at different time points. In the case of guar gum injection, the temperature 
recovery is similar, but much slower in comparison with the one by Thickener 2 injection, one of 
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probable reason is that thickened CO2 owns a low specific heat capacity in comparison with guar 
water solution. In another word, the temperature recovery of Thickener 2 is quicker than guar gum 
under the same heat conductivity. It will accelerate the gel breaking of Thickener 2, which is 
evidenced also by the viscosity profiles in Fig. 4.40b. About 100min after fracturing, the temperature 
of Thickener 2 injection is almost recovered, while the one of guar gum injection is still high. In spite 




Figure 4.39. (a) Temperature and (b) viscosity along the horizontal straight line crossing injection 
point in the cases with Thickener 2+proppant 2700kg/m³ injection 
 
 
Figure 4.40. Comparing (a) temperature and (b) viscosity along the horizontal straight line crossing 
injection point in the cases with Thicker 2 and Guar gum injection respectively 
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Before and after shut in, the vertical fracture width profiles of different cases along A-A` are compared 
in Fig. 4.41, respectively. Obviously, the light proppant density could improve proppant placement. 
Form the fracture width profile, the supported fracture width by light proppant is higher than the other 
two cases, because the settling velocity of proppant in fracture is dependent on proppant density. 
Heavy proppant falls much more rapidly and concentrates at the bottom fracture, thus the supported 
fracture width by Thickener 2+2700kg/m³ is shorter and wider. The proppant placement is even better 
than guar gum, because in guar gum injection, the proppant has enough time and space to settle down 
in a relatively wide fracture, besides the guar gum owns a slow gel breaking speed.  
 
 
Figure 4.41. Comparing fracture profile along dotted line A-A` after fracturing and after closure, (a) 
Thickener with different proppant densities, (b) Guar gum with proppant density of 2700kg/m³ 
 
After fracture closure, the proppant placement contours of different cases are illustrated in Fig. 4.42. 
Comparing different proppant transported by Thickener 2, light proppant can be transported in deeper 
fracture than heavy proppant, as the light proppant with lower settling velocity has enough time to be 
transported into fracture. On the hand, light proppant will support a high fracture, as shown in Fig. 
4.41a as well. Comparing with proppant transported by guar gum, the proppant is placed in the bottom 
fracture much closer to injection point side, as a wider fracture created by guar gum injection provide 
more time and space for proppant settling down, which is confirmed by final supported fracture. The 
maximum supported fracture half width about 0.63cm is found in the cases of guar gum injection. 
Additionally, only in the case of Thickener 2+1250kg/m³, the final supported fracture connects 
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directly with injection point. Therefore, the combination of Thickener 2+1250kg/m³ is recommended 
for fracturing in a comparable tight gas reservoir. 
 
Figure 4.42. Comparing fracture half with contours and proppant concentration contours after 
closure under different combination of fracturing fluid and proppant density 
 
4.10. Summary 
In this chapter, a pre-defined potential fracture plane, which is perpendicular to the minimum stress, is 
inserted in the middle of host reservoir elements. On this potential fracture plane, numerical models, 
including fracture model, proppant transport model and multi-flow model, are developed and 
integrated in the popular THM framework TOUGH2MP-FLAC3D, to study performance of an 
alternative fracturing fluid, supercritical CO2, in thigh gas reservoir. These implemented models have 
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been verified separately. Besides, the property (mainly temperature-dependent viscosity) of different 
fracturing fluids is defined, like pure CO2, different thickened CO2s and guar gum. Then, the 
fracturing by using different fracturing fluids has been carried out on a fictitious model with the 
properties of typical tight gas reservoir. Their performances in fracture creation are compared based on 
the simulated results. As the property of CO2 is closely correlated to temperature, the thermal effect 
has been discussed under different thermal conditions. Additionally, proppant with different densities 
is used to improve the weak proppant-carrying ability of CO2. Some important conclusion is 
summarized in following 
Pure CO2 is not efficient to create a fracture in such tight gas reservoir. However, the fracture making 
ability of CO2 can be improved significantly, by adding CO2 thickener, like surfactant.  
In comparison with guar gum, the thickened CO2 has higher leak-off rates. But if considering the 
expansion effect of CO2 in fracture, thickened CO2 could show a comparable performance in fracture 
creation as traditional guar gum. In this work, fracture-making ability could be improved about 37% 
by CO2 expansion. 
The break down pressure shows linear correlation with fracturing fluid viscosity. The break down 
pressure rises with increasing fracture fluid viscosity. 
The fracture shape is determined by the combination of CO2 expansion and leak-off rate. In non-
isothermal condition, the temporal and spatial distribution of the leak-off rate and expansion effect is 
non-uniform. High leak-off rate and expansion effect is found around fracture tip, due to high 
temperature. At the beginning of fracturing, the expansion effect plays a critical role in fracture 
creation. With continuous injection, the dominant factor in fracture creation is gradually switched to 
leak-off. Overall, for the influence on fracture-making ability, leak-off is larger than expansion in 
whole process.  
The thickened CO2 with light proppant could achieve a better proppant placement than heavy proppant, 
even better as the one transport by guar gum. Due to low specific heat capacity, thickened CO2 has a 
quick gel breaking speed, resulting that the fracture can be supported before proppant fully settling to 
fracture bottom.  
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5. Geothermal energy exploitation with supercritical CO2 
5.1. Basic idea 
Before heat extraction in a geothermal reservoir, especially HDR reservoir, the permeability of virgin 
rock need be enhanced usually by hydraulic fracturing, to improve the heat production efficient. The 
basic mechanism of hydraulic fracturing can be explained in Fig. 5.1. The increasing pressure due to 
fluid injection can change the stress state, which further induce micro cracks namely damage on the 
host rock. Apparently, the micro cracks are directional. Its direction is closely correlated to the normal 
strain e.g. tensile strain on cracks wall. These directional cracks or damage can be used to predict the 
equivalent anisotropic permeability of this fractured rock. Lee and Ghassemi (2009) performed a 
fundamental numerical study on such stress-dependent permeability based on continuum damage 
mechanics, to study the fracture propagation in geothermal reservoir. In fact, stress-dependent 
permeability could be explained by the stress-dependent micro cracks (Massart and Selvadurai, 2014), 
in which permeability was evaluated by using the Stokes’ flow between two parallel plates. Average 
method was applied to calculate permeability, based on a representative element volume (REV), 
whereas such micro model is inefficient to solve the large-scale problem. Conversely, a macro model 
that is developed by Souley et al. (2001) explains the relation between macroscopic damage tensor and 
induced permeability in granite. But only an isotropic tensorial character of permeability was taken 
into account in this model. Then Maleki and Pouya (2010) established an anisotropic damage-
permeability model based on loading types in a brittle geomaterials. 
 
Figure 5.1. Correlation between stress state, damage and permeability 
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Combining this anisotropic damage-permeability model, a 3D continuum damage model has been 
developed by using FDM on the fundamental THM framework introduced in chapter 3, to study the 
permeability change during hydraulic fracturing in a brittle HDR reservoir. Comparing with other 
methods, this continuum approach performs more comprehensively and provides an ease for 
implementation in existing geomechanical codes (FLAC3D), computing speed and possibility to apply 
statistical knowledge directly instead of creating a representation for a fracture network. The damage 
model and anisotropic permeability have been verified through series triaxial test results separately. In 
addition to this, feasibility of the damage-permeability model in HDR hydraulic fracturing is verified 
also by a cyclic hydraulic fracturing test on hard rock. To gain more understanding of CO2 fracturing 
in HDR reservoir, parametric study on influence factors has been conducted on a simple 2D model. 
The a field scale simulation has been carried out based on the geological from planned Dikili EGS for 
over 30 years, in which the driven pressure, produced temperature as well accumulated net thermal 
energy haven compared under different injection rates. Besides, the sequestrated CO2 during lifetime 
of geothermal project has been evaluated.  
5.2. Description of anisotropic damage-permeability model 
The mathematic description of the damage model and permeability model has been introduced by 
previous works (Liao et al. 2019b; Liao et al. 2020b) and is briefly reviewed in this section. It is 
believed that the damage takes place in reservoir during hydraulic fracturing, mainly due to variable 
effective stress, which is given in following formula of pore pressure.  
′            (5.1) 
Where  and  are effective and total stress tensor respectively (compressive is negative) [Pa].  is 
the biot coefficient [-]. P is the pore pressure in the pore geo-material [-]. I is an unite tensor. 
According to previous work by Chiarelli et al. (2000), the effective stress can be expressed by the 
combination of traditional Hooks’ law with terms of damage (D) in elastic damage model. 
′ μ     (5.2) 
Where  and  are the elastic Lame constant and shear modulus in an undamaged state respectively 
[Pa]. Two model parameters  and  describe the degradation of the elastic properties caused by 
induced damage.  is an elastic tensor [-], which is the sum of mechanical term  and thermal term 
 [-].  
           (5.3) 
The thermal deformation is assumed isotropic. Referring to Cooper and Simmons (1997), the thermal 
strain increment can be written as 
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           (5.4) 
Here,  is the thermal expansion coefficient [1/°C].  is the temperature increment [°C]. For plastic 
deformation, the total strain involves elastic strain ( ) and plastic strain ( ) as following  
           (5.5) 
Substitute Eq. 5.5 into Eq. 5.2, the Eq. 5.2 can be simplified as 
′         (5.6) 
Where  is the effective elastic stiffness tensor for damage material, which is given by Halm and 
Dragon (1996) in the form of a fourth order symmetric tensor.  
μ   
Take the derivative on both sides of Eq. 5.6, the stress increment tensor can be transforms into  
′        (5.7) 
Where  and  are the total and plastic strain increment tensor [-]. Increment  is the 
derivative of effective elastic stiffness tensor with respect to the damage tensor (Eq. 5.8)) [Pa]. The 
specific sixth order increment tensor is given by Yang et al. (2013). 
       (5.8) 
  
Wherein, the plastic strain increment is defined by the plastic flow rule in following 
       (5.9) 
Here  is the plastic multiple.  is the potential function. The failure criterion ( ) defines the 
boundary between elastic and plastic state. To judge whether the plastic deformation takes place, the 
failure criterion will be checked under each stress state. In this thesis, the popular constitutive model- 
ubiquitous-joint model is adopted to describe the jointed hard rock in geothermal reservoir. As shown 
in Fig. 5.2, the virgin rock contains many joint structures with dominant stochastic direction in n. Two 
classic failure criterions, Mohr criterion and tensile criterion, are considered on the matrix as well as 
joints respectively. All the failure criterions with corresponding potential functions are summarized in 
Eq. 5.10, in which the subscript m and j represent matrix and joint, respectively. The Mohr and tensile 
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failure are denoted by s and t separately. In particular, both failure criterion of joint are generated in a 
local coordination on joint area, which they of matrix are generated in global coordination.  
      (5.10) 
Where  and  are the principal effective stress ( , compressive stress is negative) [Pa].  is 
the tensile strength [Pa].  and  are the friction angle and dilation angle respectively [°].  is the 
cohesion [Pa].  is shear stress acting on the joint plane [Pa].  is the effective normal stress on the 
joint plane [Pa]. The term  is defined as . Function  is used to describe the 
hardening-softening behavior during loading.  
 
 
Figure 5.2. Illustration of jointed matrix with joints dominant in n direction (Liao et al. 2020b) 
 
According to the work of Chen et al. (2015), the brittle rock shows a hardening behavior that relating 
to the plastic strain, a softening behavior to that relating to the damage. Based on the results, a 
function  in following is introduced to express hardening/softening behavior.  
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       (5.11) 
Where  is a ratio to control the softening rate [-].  is a hardening parameter [-] and  is defined as 
the ratio between the final and initial plastic surface. The strain-hardening parameter  is determined 
on the base of three principal plastic strains ( , , ) in the following equation. 
       (5.12) 
Chiarelli et al. (2003) presented a simple damage criterion, based on the generalized tensile strain , 
which is the positive cone of the total strain tensor. In this thesis, the damage criterion is modified as 
following by introducing an upper limit of damage ( ). 
       (5.13) 
Where two parameters  and  define the initial damage threshold and damage evolution rate [-] 
respectively. The value of upper limit  can be larger than one, as it compares with the trace of 
damage tensor. The constant  controls the damage evolution rate, which slows down with damage 
increasing to the upper limit. The expression of damage increment can be written in Eq. 5.14. Set the 
derivative of Eq. 5.13 equal to zero, the damage multiple can be derived in Eq. 5.15. 
       (5.14) 
       (5.15) 
The permeability change during hydraulic fracturing can be divided into two parts. One is caused by 
effective stress, another one by damage. Considering the permeability change under a varying 
effective stress, the pore, or preexisting cracks even induced cracks can be compressed under a 
increasing effective stress, showing in declined permeability, and vice versa. As damage in this thesis 
is converted from the cracks characteristic-tensile strain, the permeability due to damage can be 
approximated by damage cubic law, which is widely used to characterize flow behavior between 
fracture apertures. Here, the permeability function suggested by Zhang (2016) is modified in the term 
of effective means stress and cubic damage in following  
      (5.16) 
Where  is the original permeability of virgin rock at zero stress [m²].  is the ratio of the minimum 
and original permeability [-].  is a parameter characterizing the dilatability of interconnected cracks 
[MPa-1].  is ratio of the maximum damage-induced permeability and original permeability [-]. The 
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effective stress induced permeability ( ) and damage induced permeability ( ) can be written in 
following 
        (5.17) 
       (5.18) 
In this thesis, the effective stress induced permeability is treated as isotropic, while the damage 
induced permeability is anisotropic, whose direction is dependent on the induced cracks. Further, 
cracks’ direction is tightly correlated to different loading types. As illustrated in Fig. 5.3, Maleki and 
Pouya (2010) used ellipsoid to exhibit the normalized permeability in vertical direction under different 
loading types, in which the induced permeability was evaluated based on cracks density in a radial 
rotating cut plane. Entirely 36 cut planes, each with 10° rotation angle, were evaluated. Radial axis is 
the normalized permeability that equals to the ratio of obtained permeability to the maximum 
permeability. The normalized permeability distributes itself symmetrically with the cut plane having 
0°, which corresponds to axial direction of sample cylinder. In compression case (Fig. 5.3(a)), most of 
the cracks lie in vertical direction. Therefore, maximum induced permeability is measured in vertical 
direction. Yet, in Fig. 5.3(b), most of cracks are measured in horizontal direction under extension case. 
The permeability in case of isotropic loading is assumed isotropic. Through a simple linear 
interpolation method, the permeability direction of a general triaxial case can be interpreted by a 
combination of different loading types. According to Maleki and Pouya’s work (2010), the expression 
of anisotropic permeability tensor relating to induced damage can be written as  
 
(5.19) 
Where d1, d2, and d3 are three principal values of D with d1 d2 d3. e1 e2 and e3 are directions 
corresponding to three principal damages, respectively. αc and αe are parameters from compression 
case and extension case respectively.  and  refers to (Maleki and Pouya, 2010). 
Then, the total permeability tensor can be given in following  
           (5.20) 
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Figure 5.3. Normalized permeability ellipsoid in radial plane along vertical direction of different 
types (Maleki and Pouya, 2010) 
5.3. Implementation of numerical models and working schema 
Both the anisotropic damage model and permeability model were integrated in FLAC3D, which is a 
popular commercial code by using finite difference method (FDM). Similarly, the model was 
discretizated in space as well as in time. The numerical implementation of damage and permeability 
model was introduced on one element of discrete model. At the new time step (t+1), the total strain 
( ) on element center is firstly converted from displacement on itself grid point, with the help 
of isoparameter method. The new strain increment ( ), which is recognized initially all as 
elastic strain increment, is calculated in Eq. 5.21. The elastic strain at previous step ( ) is obtained 
from difference of total strain and plastic strain from last time step. 
        (5.21) 
          (5.22) 
With the current total strain ( ), the total generalized tensile strain ( ) can be 
updated by 
        (5.23) 
Here the  (i=1,2,3) are the principal strain component and its corresponding unite direction 
vector.  is Macaulay brackets given in following 
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Then the damage criterion (Eq. 5.13) is checked on the base of new total generalized tensile strain. 
The new generalized tensile strain increment ( ) need be solved according to Eq. 5.23, only 
when the damage criterion is satisfied. Otherwise, the new damage increment ( ) is set as 
zero. The achieved generalized tensile strain as well as current increment is further used to evaluate 
current damage multiplication ( ). Subsequently, the new damage increment is acquired by 
following equation 
        (5.24) 
The new effective stress increment ( (t+1)) is calculated in Eq. 5.25 with the help of new strain 
increment, old elastic strain, effective elastic stiffness tensor ( ) and its increment 
( ), in which the last two parameter are updated based on old damage ( ) and new 
damage increment ( ), respectively. 
′
            (5.25) 
The elastic trial stress ( ) on element center is calculated by 
′ ′ ′          (5.26) 
With this trial stress, the failure criterion (summarized in Eq. 5.10) need be checked on both matrix 
and joint. If any plastic failure occurs, the relevant plastic strain increment ( ) will be 
calculated according to Eq.5.9. The corresponding stress relating to the plastic strain increment need 
be removed and the new tress state ( ) is expressed in following 
′ ′      (5.27) 
The new stress state with current pore pressure and temperature are assigned on the element, for the 
new strain in the next time step. Additionally, the plastic strain ( ) and damage ( ) 
are accumulated according to Eq. 5.28 and Eq. 5.29 respectively. 
        (5.28) 
         (5.29) 
The principal damage component is obtained by  
         (5.30) 
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Where  is transformation matrix, which is composed of three corresponding principal unite direction 
vector. All the principal damage components and their direction vectors together with current stress 
will be used to get the new anisotropic permeability based on Eq. 5.17-20. 
As shown in Fig. 5.4, the working flow is generated based on the fundamental THM coupled 
framework introduced in chapter 3. Difference is that the damage-permeability models are integrated 
in this coupling. For the simulation of a HDR reservoir in this work, it begins at a model generation 
based on the specific geological data. The generated model is then discretizated in space. Together 
with some necessary input parameters, the simulation is been carried out on the THM coupled 
simulator, until times reaching at the time limit. Particularly, the simulation process is divided into two 
parts. In the first part, reservoir stimulation is simulated to create fracture network with valuable 
permeability for efficient heat extraction. In this stage, for a higher accuracy, a low time step of 200s is 
adopted during hydraulic fracturing, to overcome the uncertain brought by dramatic response against 
fluid injection. In the next stage, the heat extraction is conducted with a long time step up to 1×105s for 
efficient computation, based on the fracturing results containing some relevant information like 
geometry of created fracture network and permeability for the first stage. The data flow in this model 
is demonstrated in Fig. 5.5. Comparing with it in fundamental one (Fig. 3.16), the corresponding 
parameter consisted in damage as well permeability model is added in this new model.  
 
Figure 5.4. Flowchart of coupled THM model 
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Figure 5.5. Flowchart of data in the developed model 
 
5.4. Verification of implemented numerical model 
The corresponding anisotropic damage model as well as derived damage- and stress-dependent 
anisotropic model has been implemented into THM coupled framework TOUGH2MP-FLAC3D. The 
implemented damage models and permeability model are verified separately by series of triaxial test 
on granite. The hydraulic fracturing is verified by small-scale flied hydraulic fracturing test.  
5.4.1. Verification of implemented damage model 
A simulation of a triaxial test on the granite from Beishan (Chen et al., 2015) was conducted under a 
confining pressure of 10MPa to verify this damage model. An isothermal condition with a room 
temperature of 25°C and a dry condition were assumed in this example. Tab. 5.1 summarizes all the 
used parameters. Except for the elastic parameters from Chen et al. (2015) and friction angle from 
Chen et al. (2014), the other parameters were obtained through matching the stress and damage during 
loading. Besides, the joint is not considered in this example, for the natural cracks were avoided as 
possible during preparation of the sample. As shown in Fig. 5.6a, the simulated axial stress and radial 
stress were plotted against the simulated axial strain, to compare the simulated results of Chen’s model 
(Chen et al., 2015), which is a FEM based continuum damage model. The simulated axial stress curves 
from two models match very well at all tendencies such as peak strength as well as the rest strength. 
But the radial data of Chen’s model is not given. 
Additionally, the simulated averaged damage of the present model captures the mainly characteristics 
of limited experimental data and shows a comparable tendency with Chen’s model (Fig. 5.6b). The 
damage is initiated at a very low rate. Once the axial stress closes or reaches the peak strength, the 
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damage increases rapidly to a high level. After peak strength, the rate of damage slows down again 
and holds on a high level close to the upper limit. 
Table 5.1. The used parameter in triaxial test of Beishan granite 
Parameters  Value 
 Beishan Granite (Chen et al. 2015) 
Elastic parameters  E=70 [GPa] v= 0.15 [-] 
Plastic Parameters  = =35 [°] C=15 [MPa] 
   =2 [MPa]  = 2.6 [-] 
  R=3.0 [-]  = 2×10-5 [-] 
Damage parameters   =2 [GPa]  = -4.3 [GPa] 
   =3×10-4 [-]  = 5.5×10-3 [-] 
   =1.2 [-] kd=0.5 [-] 
 
 
Figure 5.6. Comparing developed model with Chen at el. 2015 (a) stress-strain behavior; (b) strain-
damage 
 
5.4.2. Verification of implemented anisotropic permeability model 
Let’s consider the Eq. 5.16, which is function to determine the effective stress- and damage-dependent 
permeability. In order to check its plausibility, a triaxial test the granite from Lac du Bonnet has been 
carried out in this newly developed model. The testing condition and sample quality is same as the one 
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mentioned above. Tab. 5.2 shows all the input parameters. After simulation, the achieved results, 
including strain-stress curve, stress-permeability and stress-damage are illustrated in Fig. 5.7, to 
compare with the measured results as well as the simulated results from Jiang et al. (2010). The 
simulated strain-stress behaviors show a very good agreement with the measured behavior, especially 
in axial direction. At beginning of loading, the simulated permeability decreases slightly, due to 
compressing under an increasing effective stress. Thereafter, the simulated permeability holds 
constantly, for the compacted sample cannot be compressed anymore. After initiating damage, 
simulated permeability will increase dramatically into a high level, along with growing damage. 
Overall, the simulated permeability captures the main characteristics of measured permeability as well 
as the simulated permeability by Jiang et al. (2010). In addition to this, the simulated permeability is 
also comparable with the simulated one. 
 
Table 5.2. The used parameter in triaxial test of Lac du Bonnet granite 
Parameters Value 
Lac du Bonnet granite (Souley et al. 2001) 
Elastic parameters E=70 [GPa] v= 0.28 [-] 
Plastic Parameters = =46.4 [°] C=15 [MPa] 
 =2 [MPa]  = 2.7 [-] 
R=3.0 [-]  = 2×10-5 [-] 
Damage parameters  =2 [GPa]  = -4.3 [GPa] 
 =1.1×10-3 [-]  = 1.0×10-2 [-] 
 =0.9 [-] kd =0.5 [-] 
Hydraulic parameters =0.01 [-] =1.0×106 [-] 
=0.25 [MPa-1]  
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Figure 5.7. Comparing present model with results from Jiang at el. 2010 (a) stress-strain behavior; (b) 
stress-damage and stress-permeability 
 
To verify the anisotropic permeability model, two triaxial tests on the granodiorite from Cerro Cristale 
and the granite from Westerly were simulated under a confining pressure of 10MPa and were 
compared with the simulated anisotropic permeability as well as measured permeability from Chen et 
al. (2014), in which the permeability of the REV is represented by the averaged permeability values of 
both matrix and microcracks over their respective volume fraction, according to the Viogt model. The 
permeability of microcracks is converted from the average aperture of the microcracks using the cubic 
law. Likewise, an isothermal condition with a room temperature of 25°C and a dry condition was used 
in this example. All used parameters are summarized in Tab. 5.3. Similar to that in example 1, no 
joints were considered. Final results are shown in Fig. 5.8 and 5.9. The axial and radial stress-strain 
curve of the present model matches the measured data much better, except the radial-strain curve of 
Westerly granite, in which the measured strain in radial direction is more significant (Fig. 5.8a and 
5.9a). As shown in Fig. 5.8b and 5.9b, the simulated and measured permeability stay on a constant 
level, as the sample still in the elastic state. With the continuous loading, permeability increases 
gradually into two different values relating to axial and radial directions. The permeability in axial 
direction is higher than the one in radial direction. In Fig. 5.8b, the simulated permeability of this 
model matches well with the measured data, while it differs a little from the measured data as shown 
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Table 5.3. The used parameter in triaxial test for anisotropic permeability 
Parameters Value 
Cerro Cristale granodiorite 
(Chen et al. 2014) 
Westerly granite 
(Chen et al. 2014) 
Elastic parameters E=70 [GPa] v= 0.28 [-] E=70 [GPa] v= 0.25 [-] 
Plastic Parameters = =43 [°] C=15 [MPa] = =43 [°] C=15 [MPa] 
 =2 [MPa]  = 1.7 [-]  =2 [MPa]  = 2.7 [-] 
R=1.8 [-]  = 2×10-5 [-] R=1.8 [-]  = 2×10-5 [-] 
Damage parameters  =2 [GPa]  = -4.3 [GPa]  =2 [GPa]  = -4.3 [GPa] 
 =5×10-4 [-]  = 5.0×10-3 [-]  =6×10-4 [-]  = 5.5×10-3 [-] 
 =1.2 [-] kd =0.5 [-]  =1.2 [-] kd =0.5 [-] 
Hydraulic 
parameters 
=0.1 [-] =1.5×105[-] =0.1 [-] =1.5×105[-] 
=0.25 [MPa-1]  =0.25 [MPa-1]  
 
 
Figure 5.8. Comparing present model with results from Chen et al. 2014 (a) stress-strain behavior; (b) 
anisotropic permeability of Westerly granite 
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Figure 5.9. Comparing present model with results from Chen et al. 2014 (a) stress-strain behavior; (b) 
anisotropic permeability of Cerro Cristale granodiorite 
 
5.4.3. Small scale fracturing test 
Further to prove the plausibility of the developed model, the simulation of a small-scale hydraulic 
fracturing has been carried out based on the hydraulic fracturing experiments implemented at 410m 
depth in the Äspö Hard Rock Laboratory in Sweden. Wherein, the in situ hydraulic fracturing 
experiment on hard rock was performed in the tunnel TASN (Zang et al. 2016, Zimmermann et al. 
2019). As shown in Fig. 5.10, the hydraulic fracturing test with six stages was performed in a 
horizontal borehole (F1). Three parallel horizontal monitoring boreholes M1-M3 was drilled for 
sensors installation. Many sensors and monitoring method were installed in surrounding tunnel. In this 
hydraulic fracturing test, the hydraulic fracturing with progressively increased cyclic injection 
treatment has been conducted and the accompanied seismic events have been measured in this 
procedure. Through analyzing the measured seismic events, the cyclic stimulation scheme is proven to 
have a low risk to induce seismic events in comparison with conventional hydraulic fracturing with a 
constant injection rate. Here, the hydraulic fracturing test NO.2 is selected to numerical study. Based 
on these data, a brick model is generated with the dimension of 80m×40m×40m, from which a quarter 
models is used to conduct the simulation. The initial vertical primary stress of 12 MPa is converted 
from the stress gradient along depth. Two horizontal stresses are initiated as 10MPa and 8MPa in x- 
and y-directions, respectively. A hydrostatic and isothermal condition is considered in this model. An 
isotropic permeability of 10-17m² and porosity of 0.1 is applied for whole the model. Other used 
parameters are concluded in Tab. 5.4. The simulation was carried out in stage separately. In flow back 
process, the flow back content is calculated by fixing the pressure at atmospheres pressure on the 
element, which locates in the borehole and connects directly with injection point.  
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Figure 5.10. Location of Hydraulic fracturing test (Zimmermann et al. 2019) and numerical model  
 
Table 5.4. The used parameter for hard rock fracturing  
Parameters Value 
Elastic parameters E=50 [GPa] v= 0.20 [-] 
Plastic Parameters = =40 [°] C=4 [MPa] 
 =1 [MPa]  = 2.0 [-] 
R=3.0 [-]  = 2×10-5 [-] 
Damage parameters  =2 [GPa]  = -4.3 [GPa] 
 =1.2×10-4 [-]  = 2.0×10-3 [-] 
 =1.2 [-] kd =0.5 [-] 
Hydraulic parameters =0.01 [-] =1.0×107 [-] 
=0.5 [MPa-1]  
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During fracturing and flow back, the pressure and permeability at injection element are recorded and 
are plotted together with the in situ measured pressure and permeability in Fig. 5.11. Clearly, the 
simulated injection pressure shows a very similar tendency and captures most characteristics of 
measured injection pressure. One exception that the simulated injection pressure in the first cycle is 
obviously exceeding the measured one, for the reason that the pre-fracturing in situ is not considered 
in this simulation, thus, the breakdown pressure in virgin rock could reach very high. As shown in Fig. 
5.11b, the simulated permeability at injection point and in-situ measured permeability are compared. 
The permeability is enhanced by hydraulic fracturing and shows an increasing value, for the damage is 
accumulated continuously with fracturing cycles. In first three cycles, both permeability match very 
well. Then, the simulated permeability increases continuously and separates gradually from the 
measured one, which only has a slight change, as the damage in the newly developed model is 
irreversible. In spite of this, the permeability from present model and field experiment is still 
comparable.  
 
Figure 5.11. Comparing the simulated and measured (a) injection pressure; (b) permeability at 
injection point 
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Figure 5.12. Comparing the simulated and measured flow back content 
 
After the injection in each cycle fracturing, pumping is stopped for a while. Then, the flow back is 
carried out until starting next cycle fracturing. The flow back contents accumulated in each cycle 
fracturing are summarized in Fig. 5.12a together with in-situ measured content. The simulated flow 
back content relates to the duration of flow back as well as the pore pressure. To compare the results 
much visibly, simulated and measured flow back contents are plotted respectively as x- and y-
coordination in Fig. 5.12b. Clearly, a linear correlation between simulated and measured results with a 
correlation coefficient of 0.917 verifies the feasibility of the newly developed model. Additionally, the 
simulated fracture profile is superimposed on the measured seismic events during fracturing in Fig. 
5.13. From the over view in Fig. 5.13a, it can be found that the measured distributed on one side of 
injection well and along the well, for the probable reason that some drilling triggered damages could 
change the propagation of fracture. Such characteristics are also found in the side view in Fig. 5.13b. 
In spite of this, if we focus on half wing of fracture, the simulated fracture could capture most 
principal characteristic of in situ stimulated fracture.  
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Figure 5.13. Comparing the simulated fracture with seismic events recorded during fracturing test (a) 
over view; (b) side view 
 
5.5. Influence factors on reservoir stimulation 
A 2D square model with unit thickness and side lengths of 100m is discretized into 10,000 square 
elements and used to study the influence of injection rate, reservoir temperature and injection 
temperature on stimulation in geothermal reservoir. As demonstrated in Fig. 5.14a, CO2 was injected 
at the bottom right corner to create a fracture network. The plastic parameters on joint are accounted as 
only 80% of them being on the matrix, which together with the elastic parameters are shown in Fig. 
5.14a. The rest of the damage and permeability parameters are taken from granite as presented in Tab. 
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5.3. The variables, including the injection fluid, mass rate, reservoir temperature and injection 
temperature in different cases are given in Tab. 5.5. 1% CO2 and 99% water constitute the initial 
composition in the geothermal reservoir. After 1 hour injection of CO2 in case 1, a fracture network is 
illustrated by the pressure contour in Fig. 5.14b.  
 
Figure 5.14. (a) geometry and some used parameters of the model; (b) the fracture network after 1 
hour injection 
Table 5.5. The used parameter for hard rock fracturing  







1 CO2 2kg/min 40°C 150°C 
2 CO2 1kg/min 40°C 150°C 
3 H2O 2kg/min 40°C 150°C 
4 H2O 1kg/min 40°C 150°C 
5 CO2 2kg/min 40°C 100°C 
6 CO2 2kg/min 40°C 180°C 
7 CO2 2kg/min 60°C 150°C 
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Figure 5.15. The temporal evolution of pressure, gas saturation and temperature along the line 
crossing injection point in x direction 
 
In all CO2 injection cases, the temporal evolution of pressure, gas saturation and temperature are 
compared in Fig. 5.15 along the line crossing the injection point in x direction. Generally, the 
proceeding speed of CO2 is slower than fracture network propagation, because the pressurized water 
by injected CO2 in fracture tip can derive the fracture propagation. In comparison with the high heat 
capacity of reservoir rock, the cold CO2 can only reduce the reservoir temperature a few grades at the 
injection point. On the other hand, in case 1 and 2, the high injection rate promotes the propagation of 
fracture network. Correspondingly, the maximum pressure in case 1 is higher than that in case 2. 
There is no significant difference in case 1 and case 7, when the injection temperature is increased 
from 40°C to 60°C. With the reservoir temperature rising from 100°C to 150°C, the fracture length has 
a noticeable increase in case 1 and 5. And the increase can be ignored in case 1 and 6 with reservoir 
temperature ranging from 150°C to 180°C, whereas the pressure shows an inverse relation with the 
reservoir temperature in these cases. Such tendencies can be explained by observing the state 
properties of CO2 in Fig. 5.16a. Viscosity and density of CO2 have an inverse relationship with 
temperature. Under the same mass higher density means less volume. Therefore, less volume of CO2 
with high viscosity creates a shorter fracture under high pressure in case 5, which is proved by the 
saturation contours as well. The CO2 invaded depth and saturation in case 5 are lower than that in case 
1 and 6. Additionally, the state properties of CO2 in case 1 are illustrated also at different times in Fig. 
5.16b. The pressure at the start point (injection point) rises to a high level with high viscosity and 
density during CO2 injection. Namely, the CO2 is compressed at the injection point. And the state 
properties of CO2 are dynamic with mutating pressure and temperature conditions.  
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Figure 5.16. pressure versus temperature from the start point (injection point) to end point (a) in case 
1, 5 and 6 after 1 hour fracturing, (b) in case 1 at different time points 
 
 
Figure 5.17. comparing (a) pressure at injection point, and (b) fracture half-length of different cases 
 
The pressure curve at injection point of all cases is plotted against the injection time in Fig. 5.17a. 
Similar to the above discussed results, the break down pressure shows a direct relation with injection 
rate, while an inverse relation with reservoir temperature. Due to the pressure- and temperature-
dependent expansivity, the pressure of CO2 injection in case 1 grows much slowly with a lower break 
down pressure, compared with water injection in case 3. Such tendency is shown in the compared 
cases 2 and 4 as well. Especially, the pressure of CO2 injection drops in the form of a wave after 
reaching the maximum value, which is caused by the compressibility of CO2 and discrete model. 
However, the pressure curve of water injection evolves more smoothly at a lower pressure level after 
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fracture initiation. The final fracture half length is shown in Fig. 5.17b. By comparing the groups of 
cases 1-3 and 2-4, CO2 injection can create a longer fracture than that of water, owing to the relatively 
lower density of CO2 around 500kg/m³ i.e. a large injected volume in this condition.  
 
5.6. Description of planned EGS project in Dikili 
Dikili ESG is the first EGS project in Turkey, which is being planned at license area of SDS Energy 
Inc., in Dikili of the İzmir province. As shown in Fig. 5.18, the candidate site locates on Anatolia 
bordered by the Mediterranean Sea, where the transitional zone of African plate and Eurasian plate. 
The geological tectonic activities are active strongly in this region, as a results, the thermal gradient of 
about 7°C/100m in the candidate site is remarkable (Hou et al. 2015b), in comparison with general 
gradient of 3°C/100m. Besides, many hot springs have been found around target region. In the light all 
of these, this candidate site has high potential for implementing the geothermal project. And the two 
candidate areas (area A and B) are assigned in the license area. In this thesis, the hydraulic fracturing 
as well as heat production is conducted based on area A.  
 
Figure 5.18. Location of planned Dikili geothermal project 
 
In this regions, extensive geological, paleostress (279 fault-slip data from 33 locations), geophysical 
(magnetotelluric and vertical electrical sounding at 80 and 129 locations, respectively) and 
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geochemical studies as well as paleostress measurements have been conducted in this area. Some 
important geological information is illustrated in Fig. 5.19. In the license area, the direction of minor 
stress is found dominantly in north-south direction. The cross-section along orange line (in Fig. 5.19a) 
is illustrated in Fig. 5.19b. The more detail strata information, including geology and rock type is 
given in Fig. 5.20. The target geothermal reservoir is determined in Yuntdagi volcanic, in which the 
naturally fractured and altered zone maybe provides some potential channel for heat production. The 
deeper formation-Kozak Pluton with grnodioritic magmatic rocks is also treated as geothermal 
reservoir. The thick tuff and marl layers of the Yuntdagi Formation, including the marl and limestone 
units of the Ularca Formation, which unconformably overlie the Yuntdagi Formation, provide the 
caprock to the reservoir. However, the natural permeability of target geothermal reservoir is still not 
enough for an efficient heat production. Hydraulic fracturing need be conducted firstly to enhance the 
permeability before heat production. 
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Figure 5.19. Geological map of the region and stress orientations, (b) Cross-section of the orange line 
A-A' in (a) (modified from Liao et al. 2020b) 
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Figure 5.20. geological information and rock types at candidate site (SDS Energy 2014) 
 
5.7. Numerical model of Dkili EGS and initial condition 
The reservoir stimulation, heat extraction as well as CO2 sequestration in a CO2 based geothermal 
reservoir with pre-existing formation water was studied comparing with traditional working fluid, 
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water. As shown in Fig. 5.21, a simplified 3D model was built on the base of geological information 
and stratigraphy from the planned EGS in Dikili, Turkey. This geothermal reservoir composed of 
Kozak Pluton formation with dominant granite lies at the depth from -2860 m to -1860 m and is 
covered by the thick tuff and marl layers of the Yountdagi formation, and the marl and limestone units 
of the Ularca Formation at the top (Hou et al. 2015b). At the bottom of geothermal reservoir, a 640 m 
thick base layer is taken accounted in this model. Virgin geothermal reservoir is occupied almost by 
water. Initial pore pressure converted from the hydraulic gradient of 0.01MPa/m. The applied initial 
principal stresses are plotted against the true vertical depth in Fig. 5.21 as well. According to Hou et al. 
(2015), a remarkable temperature gradient of 0.07 °C/m is expected and used to calculate formation 
temperature in candidate site of projected geothermal reservoir. Here, only a quarter models with 
dimensions of 2000 m×1000 m×2500 m is considered in the simulation, wherein a pay zone with a 
thickness of 100 m in geothermal reservoir is selected for reservoir stimulation and heat extraction. 
This simulation model is discretized into 74,700 rectangular elements. An injection point and 
production point are contained in this model at the depth ranging -2400~-2500m and -2200~-2300m 
respectively. The production point posits higher than injection point. They are separated by a distance 
of 1000 m from each other in horizontal direction.  
In this model, the rock properties are summarized in Tab. 5.6 separately according to reservoir 
formation. Due to the similar dominating rock types, the Ularca and base formation adopts the same 
value as that used in Kozak Pluton and Youndtagi formation respectively. Referring to the high 
friction angle of granite (Chen et al. 2014), the friction and dilation angle of 40° is used in all 
formation. The initial isotropic permeability of 4×10-18 m² is applied Kozak Pluton and base formation 
(Hou et al. 2015b). In both of the cap formations, the initial permeability is 1×10-19 m², thereby  is 
1.2×105 and 5×106 in Ularca and Youndatagi formation, Kozak Pluton formation, respectively, which 
is calculated from the maximum permeability 5×10-13m² referring to Liao et al. (2019b). The rest plastic 
parameters and damage parameters are taken from the triaxial test matching of granite in Tab. 5.3. In 
geothermal pay zone, an anisotropic natural joint is considered with the dominant orientation in y-
direction. The plastic parameters of joint, including frictions angle, dilation angle, cohesion, and 
tensile strength, are assumed only 80% of the value applied on the matrix. An identical thermal 
expansion of 1×10-6 [1/°C] is used in whole model. For reservoir thermal characteristics, the thermal 
conductivity and specific heat capacity were assumed as 2.83 W/(m K) and 965 J/(kg K), respectively.  
To create an efficient fracture network, total 90,000 kg CO2 or water with a temperature of 40 °C is 
injected into geothermal reservoir. As shown in Fig. 5.22, the injection begins at a low injection rate of 
37.5 kg/s and increases stepwise to 150kg/s in the first 0.45 hours (h), followed by maintaining 
constant injection rate of 150 kg/s. After that, the injection rate is firstly reduced to 75kg/s at 160h and 
to 37.5 kg/s at 170h. The injection is terminated at 180 h and the simulation continues till 250 h. 
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E[GPa] 62 62 55 55 Hou et al. 2015b 
v[-] 0.23 0.23 0.20 0.20 Hou et al. 2015b 
Plastic 
Parameters 
θm=φm[°] 40 40 40 40 Chen et al. 2014 
c[MPa] 20 20 10 10 Hou et al. 2015b 
σT[MPa] 6 6 4.6 4.6 Hou et al. 2015b 
ηm[-] 2.7 2.7 2.7 2.7 Granite in Tab 5.3 
R[-] 1.8 1.8 1.8 1.8 Granite in Tab. 5.3 
b1[-] 2×10-5 2×10-5 2×10-5 2×10-5 Granite in Tab. 5.3 
Hydraulic 
parameters 
[MPa-1] 0.25 0.25 0.25 0.25 Granite in Tab. 5.3 
c1[-] 0.1 0.1 0.1 0.1 Granite in Tab. 5.3 
c2[-] 1.2×105 1.2×105 5×106 5×106 Maleki & Pouya 2010 
K0[m²] 4×10-18 4×10-18 1×10-19 1×10-19 Hou et al. 2015b 
ϕ[%] 1.29 1.29 2 2 Hou et al. 2015b 
Damage 
parameters 
1[GPa] 1 1 1 1 Granite in Tab.5.3 
2 [GPa] -2.3 -2.3 -2.3 -2.3 Granite in Tab. 5.3 
r0[-] 2×10-4 2×10-4 2×10-4 2×10-4 Granite in Tab. 5.3 
r1 [-] 5.5×10-3 5.5×10-3 5.5×10-3 5.5×10-3 Granite in Tab. 5.3 
kd [-] 0.5 0.5 0.5 0.5 Granite in Tab. 5.3 
Dmax[-] 1.2 1.2 1.2 1.2 Granite in Tab. 5.3 
Thermal 
parameter β[1/°C] 1×10
-6 1×10-6 1×10-6 1×10-6 Hou et al. 2015b 
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Figure 5.21. Simplified 3D geological model for simulation and initial principal stress (Liao et al. 
2019b) 
 
Figure 5.22. hydraulic fracturing treatment for both water as well as CO2 injection  
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5.8. Reservoir stimulation using supercritical CO2 
Finally, a fracture network with maximum half length about 1200 m is created by CO2 injection, in 
which the corresponding permeability in x-, y- and z-directions are shown in logarithmic form in Fig. 
5.23a-c respectively. The permeability in x- and z- direction is noteworthy compared to y-direction, 
since the fracture propagates perpendicular to minimum principal stress along the dominant joint. In x-
direction, the permeability contour spreads in a radial shape from the injection point and is limited in 
the pay zone with a height of approximate 1000 m. The permeability decreases away from the 
injection point except for the small zone near to it. The maximum permeability of 1.78×10-13 m² is 
located at the top right about 200 m from injection point. The small zone near the injection point 
shows a relatively low permeability in x- and z-directions, resulting from that the deformation 
perpendicular to x-z plane is limited by the relative high deformation perpendicular to y-z plane 
around injection point because of a non-zero Poisson ratio. And the relative high deformation 
perpendicular to y-z plane enhances the permeability in y-direction (see in Fig. 5.23b). The 
permeability in z-direction shows a very similar distribution shape with the maximum value of 
1.78×10-13 m². The maximum permeability in y-direction having a value of only 1.78×10-14 m² is 
found at injection point, which is about ten times smaller than that in x- and z-directions, forming a 
fracture network propagation with the maximum width of 40 m in y-direction. In comparison with 
CO2 injection, a very analogical shape of permeability distribution is created by water injection (see in 
Fig. 5.23d-f). However, the fracture networks created by water and CO2 are obviously different. The 
half length of the fracture network created by water injection is only 1030 m, which is nearly 200 m 
less than that of CO2 injection. In addition, the maximum permeability of 1.35×10-13 m², 2.71×10-14 m² 
and 1.36×10-13 m² in water-based fluid injection created fracture network is slightly lower than that in 
CO2-based fluid injection created fracture network, in x, y and z-direction respectively.  
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Figure 5.23. The permeability distribution of the fracture networks created by water and CO2 
respectively (Liao et al. 2019b) 
After fracturing, the pore pressure distribution of CO2 injection at 250 h is shown in Fig. 5.24a. 
Understandably, the pore pressure in created fracture network is higher than that in its surroundings. 
And the maximum pore pressure of 48.7 MPa is found at the vicinity of injection point. During both 
water and CO2 injection, the injection pressure at the depth of -2450m was recorded against the 
injection time in Fig. 5.24b. The fracturing pressure of CO2 injection is about 73 MPa, which is almost 
17 MPa lower than that of water injection. This demonstrates the great superiority of CO2 on 
fracturing in comparison with water, which is in according with the experimental results of Wang et al. 
(2018). After the creation of fracture, the injection pressure increases continuously and exceeds the 
water injection pressure. The injection pressure reaches the peak value of 98 MPa in 2.7 h during CO2 
injection, and then drops quickly below to that of water injection. This is result from that only a lower 
pressure is needed to keep the fracture propagating. In addition, the viscosity of CO2 is far lower 
comparing with water, leading to a lower injection pressure needed. When injection rate reduces from 
150kg/s to 75kg/s at 160h, the injection pressure of both CO2 and water injection drops instantly to 
relatively low value. Moreover, owing to the expansivity of CO2, the injection pressure drops at a 
much slower rate. With further reduction of injection rate to 37.5 kg/s at 170 h, the pressure of CO2 
injection exceeds that of water again, this is also result from the higher expansivity of CO2. After the 
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discontinuation of pumping, the injection pressure reduces gradually to 45.7 MPa and 43 MPa for CO2 
and water injection respectively.  
The stimulated reservoir volume (SRV) and area (SRA) by both CO2 and water injection are plotted 
against the injection time in Fig. 5.25a. The SRV and SRA evolve positively with injection time and 
slow down after pumping is stopped. Finally, the SRV and SRA reached at 8.7×107 m³ and 2.2×106 m² 
with CO2 injection, and at 7.9×107 m³ and 1.9×106 m² with water injection respectively. The average 
width of 38.9 m and 41.5 m are converted from corresponding SRV and SRA of CO2 and water 
injection respectively. The maximum half length corresponding to CO2 and water injection is shown in 
Fig. 5.25b as well. In the beginning, the two fracture lengths are almost overlapping and increase 
rapidly with a steep slope, as the fracture is not fully extended in vertical directions. When the fracture 
has reached its height limit, fracture lengths grows at a constant rate. Whereas, the rate of length 
growth during water injection is slower than that of CO2 injection, for the reason that the pressure 
driven leak off is more significant for water injection (see in Fig. 5.24b). on the other hand, the 
expansion of CO2 can further enhances the stimulated fracture network.  
 
 
Figure 5.24. (a) the created fracture network; (b) the bottom hole pressure of water and CO2 
injection(Liao et al. 2019b) 
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Figure 5.25. Comparing (a) stimulated fracture volume and area (b) fracture half-length of water and 
CO2 created fracture network (Liao et al. 2019b) 
 
5.9. Heat production using supercritical CO2 
Based on the created fracture networks, the heat extraction over 30 years is conducted with continue 
CO2 and water injection at rate of 100 kg/s, respectively. The production pressure is fixed at 21.1 MPa, 
which is about 0.5 MPa higher than the hydrostatic pressure at the production point. The gas saturation 
and temperature contours of CO2 and water injection at 250 h, 10 years (a), 20a and 30a are shown in 
Fig. 5.26. At 250 h (after fracturing), the CO2 is concentrated in a semicircular region with the gas 
saturation below 0.5. This semicircular region is much smaller than fracture network (see in Fig. 
5.23a). The temperature decreases only in the vicinity of injection point. With continuous injection 
and production, the CO2 spreads gradually to the production point. At 10 a, the CO2 tip has already 
reached the production point. And the reservoir can be clearly categorized into three zones, including 
the central, intermediate and peripheral zone. The CO2 is mainly concentrated in the central zone with 
gas saturation close to 1. Due to the significantly lower viscosity compared with water, the hot CO2 
meeting lower resistance will pierce formation water to form a priority channel from injection point to 
production point, which is beneficial for heat extraction. This priority channel effect is also confirmed 
by the temperature contours. The temperature drops substantially in the priority channel. And then the 
priority channel spreads outwards along with production time. Most of heat is mined in the priority 
channel with lowest temperature measured equal to 60°C (injection temperature). However, the heat is 
mined in a much wider area by water injection, because, comparing with the high viscosity difference 
between water and CO2, similar viscosity makes the injected water spread much uniformly into 
surrounding. 
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Figure 5.26. Temperature and gas saturation distribution during production driven by water and CO2 
respectively (Liao et al. 2019b) 
 
Furthermore, to study the influence of injection rate on the heat production, the simulations with CO2 
and water injection at 60kg/s, 80kg/s and 120kg/s were conducted respectively. Fig. 5.27 shows the 
average production temperature as a result of different rates for CO2 and water injection. The 
temperature of CO2 injection falls a few degrees during the first several months, for the reason that the 
buoyancy due to lower density of CO2 accelerates the fluid flowing above injection point. Therein the 
fluid has lower temperature. While, as shown in Fig. 5.28, the high vertical pressure gradient of water 
injection, especially the obvious pressure increment at injection point promotes fluid flow from 
injection point to production point. As there is about 200 m vertical difference between injection point 
and production point, the fluid from deeper formation causes a slight increase of production 
temperature at beginning. This behavior is illustrated by front view of flow vector in temperature 
contours after 100 days production in Fig. 5.29. In the case of CO2 injection, the flow from top-left 
corner of production point is relative strong as the one by water injection at the same place, whereas 
the flow due to water injection from lower left is more significant comparing with CO2 injection (see 
in the red circle). With continuous water injection, the production temperature of water injection 
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decreases gradually after a few years because of heat mining. However, the production temperature of 
CO2 injection has a minor increase, this is result from that the injection point and production point has 
been connected by priority channel, which is beneficial for bringing more fluid with higher 
temperature from deeper formation. After that, production temperature decreases gradually as well. 
Generally, in the first few years, production temperature of CO2 injection is lower than the one of 
water, but with continuous production, the production temperature of CO2 injection gradually exceeds 
it of water injection, because, owing to the high specific heat capacity, water is more efficient for heat 
extraction. Additionally, an inverse correlation between the injection rate and end production 
temperature can be concluded in both water and CO2 injection.  
 
 
Figure 5.27. The temperature of produced fluid at different injection rates (Liao et al. 2019b) 
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Figure 5.29. The flux surrounding production point after 1 year production(Liao et al. 2019b) 
 
With the production pressure fixed around 22.1 MPa, the injection pressure (bottom hole pressure at 
depth of -2450m) under different injection rates was measured at injection point and shown in Fig. 
5.30. Because of viscosity difference, the injection pressure grows with continuous water injection, 
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while the CO2 injection induced pressure drops down dramatically at the beginning of production and 
then gradually stabilizes at a relative low level. Especially, there remains a minor decease of the CO2 
injection induced pressure after several years production, as the priority channel comes to production 
point. In general, the injection pressure increases with higher injection rate. This tendency is more 
significant in water injection due to its low compressibility and high viscosity. After 30 years of 
production, the pressure difference between injection and production point reaches 27.0 MPa and 4.4 
MPa respectively for water and CO2 injection with the rate of 100kg/s. This is also result from the 
significant difference of compressibility and viscosity between CO2 and water. Fig. 5.31 shows the 
cumulative produced net energy, which is calculated according to Eq. 5.27 (Randolph & Saar 2011). 
The cumulative produced net energy increases with production time. However, its increasing rate 
gradually slows down because of decreasing production temperature. In spite of this, the accumulated 
net energy shows a positive relation with injection rate. And produced net energy of water injection is 
obviously higher than CO2 injection under the same injection rate. Approximately, the net energy of 
1.03×1016J, 1.43×1016J are produced for water injection with the injection rate of 60 kg/s, 80 kg/s 
respectively. This produced net energy is comparable as the one with CO2 injection at the rates of 
100kg/s and 120kg/s, respectively. 
          (5.31) 
Where  is the enthalpy of produced fluid and  is the fluid enthalpy at injection condition,  is 
production rate.  
 
Figure 5.30. The injection pressure at different rates of different fluid (Liao et al. 2019b) 
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Figure 5.31. the accumulated produced net energy during production (Liao et al. 2019b) 
 
After 30 years of production, the produced temperature and driving pressure (pressure difference 
between injection and production point) under different injection rates for CO2 and water are potted in 
Fig. 5.32. It shows a positive relationship between driven pressure and injection rate, while a negative 
relationship between produced temperature and injection rate. In addition to this, the produced 
temperature for CO2 injection is about 12 °C higher than water injection for the same injection rate. 
The driving pressure of water injection increases much faster with injection rate than that of CO2 
injection. However, the driving pressure due to CO2 injection, which grows slightly from 3.9MPa to 
4.9 MPa with rate from 60kg/s to 120kg/s, is negligible. However, the difference of driving pressure 
between water and CO2 injection increases dramatically from 12.8 MPa to 28.2 MPa with injection 
rate from 60kg/s to 120kg/s. The average thermal capacity of different injection fluid over 30 years is 
plotted against different injection rates in Fig. 5.33. A general rule that the average thermal capacity 
increases with rising injection rate has been proven in both water and CO2 injection. Meanwhile, the 
water injection owns a higher geothermal capacity. But with the water injection rate increases, the 
growing rate of average thermal capacity slows down. There are two reasons account for it. Firstly, the 
heat is relatively overexploited under higher water injection rate, which is confirmed by the produced 
temperature curve (see Fig. 5.27). Secondly, the fluid flow meets greater resistance under higher 
injection rate, which is confirmed by injection pressure (see Fig. 5.30). Such tendency is not clearly 
observed in CO2 injection. Therefore, the average thermal capacity difference between water and CO2 
injection decreases gradually from 7.52 MWth to 3.54 MWth with injection rate from 60kg/s to 
120kg/s. Specifically, the injection rate corresponding the average thermal capacity of 18.4 MWth for 
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water injection is 60 kg/s, but it should be 100 kg/s for CO2 to achieve the same thermal capacity. 
Based on these, it is recommended to use CO2 as working fluid for heat extraction, for its low driving 
pressure and relative stable heat mining.  
 
 
Figure 5.32. Comparing the produced temperature after 30a production and driving pressure (Liao et 
al. 2019b) 
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Figure 5.33. Comparing the averaged geothermal capacity at different injection rate (Liao et al. 
2019b) 
 
5.10. CO2 sequestration in the lifetime of Dikili EGS 
Due to pressure difference and friction, the injected CO2 leaks into surrounding formation or is 
directly stored in the reservoir, which could be treated as CO2 sequestration. In the lifetime of 
geothermal project, the CO2 sequestration can be divided into 4 stages: reservoir stimulation, mass 
circulation, CO2 circulation and CO2 balance. As shown by the injection and production rate in Fig. 
5.34, the CO2 is injected at 100kg/s without production in stage I, which namely fracturing to create 
fracture network. Stage II is the phase for building mass circulation. In this phase, it takes about 4 
months for mass circulation. Meanwhile, the CO2 production rate growing gradually from 0 to almost 
97 kg/s. Then the CO2 production rate keeps for a constant for approximately 8 years, during which 
time the priority channel gradually moves to and eventually reaches the production point. This period 
is assigned as stage III namely CO2 circulation. After that, it entries into CO2 balance stage, in which 
the CO2 production increases further close to but still lower than the injection rate of 100kg/s. As 
shown in Fig. 5.35, the sequestrated CO2 is still accumulated at the loss rate in stage IV. The amounts 
of sequestrated CO2 are 0.09, 0.24, 0.34 and 0.28 million tons in the stage from I to IV, respectively.  
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Figure 5.34. Comparing the injection rate and production rate in the case of CO2 injection at 100 kg/s 
(Liao et al. 2019b) 
 
Figure 5.35. Illustrated the CO2 sequestrated rate and the accumulated sequestrated content of CO2 
during production (Liao et al. 2019b) 
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The total amount of sequestrated CO2 over 30 years production against different injection rate is 
plotted in Fig. 5.36. Obviously, there is a positive correlation between total sequestrated CO2 and 
injection rate. The amount of sequestrated CO2 grows from 0.73, 0.85, 0.95 to 1.02 million tons with 
CO2 injection rate rising from 60, 80, 100 to 120 kg/s respectively, demonstrating the potential 
contribution of CO2-ESG on the mitigation of the emission of CO2. 
 
 
Figure 5.36. The sequestrated content of CO2 versus injection rate in the lifetime of geothermal 
project (Liao et al. 2019b) 
 
5.11. Summary 
In this chapter, a 3D continuum anisotropic damage-permeability model is developed in the THM 
framework of TOUGH2MP (TMVOC)-FLAC3D. Based on this model, the stimulation, heat 
extraction in the Dikili geothermal reservoir with formation water is conducted by using CO2 as an 
alternative working fluid. Besides, the ancillary benefit of CO2 sequestration has been discussed in the 
lifetime of CO2-EGS. Some distinctive conclusions are summarized as follows: 
A 3D field scale approach based on continuum anisotropic damage-permeability model is proposed to 
study stimulation and heat extraction of a geothermal reservoir with pre-existing formation water by 
using supercritical CO2. 
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In the application, a fracture network with maximum half-length of 1200m, a height of 1000 m and an 
average width of 37.8 m are created after injecting 90,000 kg CO2 in 250 h. The maximum 
permeability of 1.3×10-13 m2 is achieved in x- and z-direction. Finally, a SRV of 8.71×107 m³ and 
SRA of 2.24×106 m2are yielded at 250 h.  
A priority channel with high gas saturation will be formed during heat production because of the 
viscosity difference between CO2 and water. The heat is mainly mined in this priority channel.  
Generally, for both water and CO2 injection, the driving pressure and average thermal capacity shows 
a positive correlation with injection rate, while the eventual produced temperature shows a negative 
correlation with injection rate. Under the same mass injection rate, the driving pressure and average 
thermal capacity of water injection is higher than CO2 injection, whereas the eventual produced 
temperature of water injection is lower. Therefore, CO2 as working fluid for heat extraction have the 
benefits of low driving pressure and is beneficial for realizing relative stable heat mining. 
The injected CO2 will be detained in geothermal reservoir due to leak off, which could be regarded as 
geologically sequestrated CO2.The eventual sequestrated CO2 has a positive correlation with injection 
rate. At the end of 30 years geothermal production, up to 950,000 tons CO2 is sequestrated under the 
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6. Conclusion 
Although the renewable energy production is increasing continuously, the geo-energy, including oil, 
gas as well as coal, still contributes the most towards world energy demand and consumptions. With 
the enhancement of public awareness, the eco-friendly technique in geo-energy exploitation has 
attracted more and more attention. In this thesis, two specific THM coupled models are developed for 
geothermal reservoir and unconventional gas reservoir, respectively, to study the performance of 
supercritical CO2 in geo-energy exploitation. 
After systematic literature study in chapter 2, it has been found that utilization of supercritical CO2 for 
geothermal energy extraction from deep geothermal reservoirs is still a new concept. Currently, there 
is no implemented or planned CO2-based geothermal project. In spite of this, it has attracted extensive 
attentions, as CO2 re-utilization not only addresses the serious problems caused by traditional 
fracturing fluid, like ground water pollution, water resource shortage etc., but also partly mitigates the 
greenhouse emission through CO2 geological sequestration. In comparison with geothermal reservoir, 
the CO2 utilization in unconventional gas reservoirs started much earlier, where it has dominated the 
petroleum industry especially in the field of enhanced oil recovery. In addition to its advantages in 
geothermal reservoirs, further benefits of utilizing supercritical CO2 are observed in unconventional 
gas reservoirs, such as production recovery desorption of CH4 by CO2, low break down pressure etc. 
However, the technology of CO2 utilization in geo-energy production still faces many problems and 
challenges, such as the proppant transport by CO2 in unconventional gas reservoir, geothermal 
reservoir stimulation by CO2 etc.  
As the properties of CO2 are highly temperature and pressure sensitive and many complex mechanical 
responses are involved during energy production, the new models should be integrated under a THM 
coupled framework. Therefore, the fundamentals of used THM framework (TOUGH2MP-FLAC3D) 
are introduced in chapter 3. Equation of state (EOS), TMVOC, is adopted for it is possible to define 
additional components by the user. In this multi-flow simulator, maximum three phases, including gas 
phase, aqueous phase and hydrate phase can be solved simultaneously. The governing equations and 
numerical algorithm for mechanic, hydraulic and thermal processes have been introduced in detail. 
Moreover, the coupling between different individual processes and data flow between two simulators 
has been discussed as well.  
Attempting to study the performance of supercritical CO2 in unconventional gas reservoir, a specific 
numerical model able to characterize fracture propagation as well as leak-off is developed in chapter 4. 
In this model, a pre-defined potential fracture plane is inserted in the middle of host reservoir elements, 
perpendicular to minimum stress. On this potential fracture plane, different specific models, including 
fracture model, proppant transport model and multi flow model, are developed and integrated in the 
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popular THM framework TOUGH2MP-FLAC3D. Then, the feasibility of these models has been 
verified separately by three simple cases. Besides, different fracturing fluids (mainly based upon 
temperature-dependent viscosity) are defined firstly, including pure CO2, two thickened CO2s and guar 
gum. Other properties, like density and enthalpy, are assumed equal to the base fluid of fracturing 
fluid. After that, by using different fracturing fluids (pure CO2, two thickened CO2s, pure water and 
guar gum), the fracturing has been carried out on a fictitious model with the properties of a typical 
tight gas reservoir. Their performances in fracture creation are compared on the base of simulated 
results. Additionally, since the properties of CO2 are closely correlated to temperature, the thermal 
effect has been compared under different thermal conditions. Finally, the proppants with different 
densities are used to address the weak proppant-carrying ability of CO2. Some important conclusions 
are drawn from these simulation results. Firstly, it is found that pure CO2 is not efficient to create a 
fracture in such tight gas reservoir. However, the fracturing ability of CO2 can be improved 
significantly, through adding CO2 thickener, for example surfactant. In comparison with traditional 
fracturing fluid guar gel, the leak-off of thickened CO2 is significantly more. But considering the 
expansion of CO2 in the fracture, the fracking ability of thickened CO2 becomes comparable with 
traditional guar gel fluid. According to the simulation results, the fracking ability can be improved by 
about 37% due to CO2 expansion. Secondly, a linear correlation is observed between the break down 
pressure and fracturing fluid viscosity. The break down pressure rises with increasing fracturing fluid 
viscosity. Thirdly, comparing fracture width profiles under different thermal conditions discovers that 
the fracture width profile is determined by the combination of CO2 expansion and leak-off rate. In 
non-isothermal condition, the temporal and spatial leak-off rate and expansion effect are unevenly 
distributed. Due to higher temperature, larger leak-off rate and expansion effect are found around 
fracture tip. Fourthly, at the beginning of fracturing, the fluid expansion plays a critical role in fracture 
creation. With continuous injection, the dominating factor in fracture creation is gradually switched 
from expansion to leak-off. Overall, leak-off has more significant influence on fracture-creation than 
fluid expansion in the whole process. Lastly, in the study of proppant transport, thickened CO2 with 
light proppant can achieve a better proppant placement than heavy proppant, even better as the one 
transported by guar gum. Due to low specific heat capacity, thickened CO2 has a quick gel breaking 
speed, resulting in better fracture support.  
In order to study the critical engineering processes, reservoir stimulation and heat extraction in deeper 
geothermal reservoirs, a 3D simulator based on a continuum anisotropic model and anisotropic 
permeability model has been developed under the THM framework of TOUGH2MP-FLAC3D 
(TMVOC). In geothermal energy exploitation, the stress state change due to fracturing fluid injection 
can induce a directional damage in geothermal reservoir, which further triggers an anisotropic 
permeability. At the macro level, this process is same as fracture propagation. In addition, the impact 
of effective stress is considered in this model as well. It is believed that usually a fracture network is 
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stimulated in the geothermal reservoir with brittle rocks, particularly volcanic rock. This damage 
model and permeability is verified by triaxial test in laboratory and cyclic fracturing test in flied. The 
plausibility of this model is also validated by a series of case studies on a simple 2D model. On a real 
case study from Dikili geothermal project, the reservoir stimulation and heat extraction in the presence 
of formation water with different production rates by using supercritical CO2 is conducted and 
compared with the results by using water-based fluid. Besides, the ancillary benefit of CO2 
sequestration has been discussed in the lifetime of CO2-EGS under the effect of different injection 
rates. Finally, some distinctive conclusions are drawn from this simulation. A useful 3D field scale 
approach based on continuum anisotropic damage-permeability model is proposed which has the 
ability to study stimulation and heat extraction of a deep geothermal reservoir with pre-existing 
formation water by using supercritical CO2. In the application at Dikili project, a fracture network with 
maximum half-length of about 1200m, a height of 1000 m and an average width of 37 m are created 
after injecting 90,000 kg CO2 in 250 h. The maximum permeability of 1.3×10-13 m2 is achieved in x- 
and z-direction. The final SRV of 8.7×107 m³ and SRA of 2.2×106 m2 are yielded at 250 h. During heat 
production, a priority channel with high gas saturation is formed because of the viscosity difference 
between CO2 and water. The heat is mainly mined in this priority channel. Generally, for both water 
and CO2 injection, the driving pressure and average thermal capacity shows a positive relation with 
injection rate, while the ultimate produced heat shows inverse relationship with injection rate. Under 
the same mass injection rate, the driving pressure and average thermal capacity of water injection is 
higher than CO2 injection, whereas the eventual produced heat of water injection is lower. Therefore, 
CO2 as working fluid for heat extraction has the advantage of low driving pressure and is beneficial for 
realizing relatively stable heat mining. Moreover, the injected CO2 detained in geothermal reservoir 
due to leak off can be regarded as geologically sequestrated CO2. The amount of sequestrated CO2 has 
a positive relation with injection rate. At the end of 30 years geothermal production, up to 950,000 
tons CO2 is sequestrated at an injection rate of 100kg/s, demonstrating the potential contribution of 
CO2-EGS on the sequestration of CO2. 
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